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Chapter 1 


INTRODUCTION 


DEFINING AIR NAVIGATION 


The word navigator comes from two Latin words, ‘‘navis,”’ 
meaning ship, and ‘‘agere,’’ meaning to direct or move. 
Navigation is defined as the process of directing the movement 
of a craft from one place to another. The craft may be, in its 
broadest sense, any object requiring direction or capable of 
being directed. Unlike sea or naval navigation, air navigation 
involves movement above the surface of the Earth, within or 
beyond the atmosphere. Air navigation, then, can be defined as 
the ‘‘process of determining the geographical position and of 
maintaining the desired direction of an aircraft relative to the 
surface of the Earth.’’ Other terms, ‘‘avigation’’ and ‘‘aerial 
navigation’’ have fallen into disuse in favor of the term, ‘‘air 
navigation.’ Certain unique conditions are encountered in air 
navigation that have a special impact on the navigator. 
¢ Need for continued motion. A ship or land vehicle can stop and 
resolve any uncertainty of motion or await more favorable 
conditions if necessary. Except to a limited extent, most aircraft 
must keep going. 

* Limited endurance. Most aircraft can remain aloft for only a 
relatively short time, usually a matter of hours. 

* Greater speed. Navigation of high-speed aircraft requires 
detailed flight planning, and navigation methods and procedures 
that can be accomplished quickly and accurately. 

* Effect of weather. Visibility affects the availability of land- 
marks. The wind has a more direct effect upon the position of 
aircraft than upon that of ships or land vehicles. Changes of 
atmospheric pressure and temperature affect the height 
measurement of aircraft using barometric altimeters. 

Some form of navigation has been used ever since humans 
have ventured from their immediate surroundings with definite 
destinations in mind. Exactly how the earliest navigators found 
their way must remain, to some extent, a matter of conjecture 
but some of their methods are known. For example, the Phoeni- 
cians and Greeks were the first to navigate far from land and to 
sail at night. They made primitive charts and used a crude form 
of dead reckoning. They used observations of the Sun and the 
North Star, or pole star, to determine direction. Early explorers 
were aided by the invention of the astrolabe (figure 1-1), but it 
was not until the 1700s that an accurate chronometer (timepiece) 
and the sextant were invented making it possible for navigators 
to know exactly where they were, even when far from land. 

Navigation is considered both an art and a science. Science is 
involved in the development of instruments and methods of 
navigation as well as in the computations involved. The skillful 


use of navigational instruments and the interpretation of avail- 
able data may be considered an art. This combination has led 
some to refer to navigation as a ‘‘scientific art.”’ 

As instruments and other navigational aids have become more 
complicated, an increasing proportion of the development has 
been shifted from practicing navigators to navigational scien- 
tists who aid in drawing together the applications of principles 
from such sciences as astronomy, cartography, electronics, 
geodesy, mathematics, meteorology, oceanography, and phy- 
sics. Such applications aid in explaining navigational phe- 
nomena and in developing improvements in speed, accuracy, or 
routine actions in perfecting the ‘‘scientific art’’ of navigation. 

The beginning navigators largely practiced the science of 
navigation; that is, they gathered data and used it to solve the 
navigation problem in a more or less mechanical manner. It is 
not until after many hours of flying that navigators begin to 
realize that their total role involves an integration based on 
judgment. Navigators build accuracy and reliability into their 
performance by applying judgment based upon experience. 
Military navigators must be able to plan missions covering every 
eventuality; in flight, they must be able to evaluate the progress 
of the aircraft and plan for the remainder of the mission. High- 
speed navigation demands that they have the ability to anticipate 
changes in flight conditions—to think ahead of the aircraft—and 
to make the correct decision immediately on the basis of antici- 
pated changes. 


AIR NAVIGATION PROBLEM 


The problem of air navigation is, primarily, to determine the 
direction necessary to accomplish the intended flight, to locate 
positions, and to measure distance and time as means to that 
end. 

When navigation is performed without *‘aids,’’ that is, with- 
out obtaining or deducing position information from special 
equipment specifically designed to provide only momentary 
knowledge of position, the basic method of navigation, *‘dead 
reckoning,’’ 1s used. 

Dead reckoning is the determination of position by advancing 
a previous position, using only direction and speed data. Navi- 
gators do this by applying, to the last well-established position, 
a vector or a series of consecutive vectors representing the 
magnitude and direction of movement that has been made since 
the previous position. The new position obtained is for a specific 
time and is essentially a predicted or theoretical position. The 
navigators assume that they can use direction and speed data 











Figure 1-1. The Ancient Astrolabe. 


previously determined with reasonable accuracy to obtain a 
future position. 

The most important elements in the plotting of a dead reckon- 
ing position are elapsed time, direction, distance, and speed. 
Knowing these and the precise starting point, a navigator can 
plot the approximate position, which in turn, can serve as a base 
for a subsequent course change. 

When the function of air navigation is performed with aids to 
navigation, the navigator can provide a new and separate base or 
starting point from which to use dead reckoning procedures. 
When an aid to navigation provides the navigator with a position 
or fix, any cumulative errors in previous dead reckoning ele- 
ments are cancelled. In effect, the navigator can restart the 
mission, as far as the future is concerned, from each new fix or 
accurate position determined by the use of aids. 

An adjective is often used with the word ‘‘navigation’’ to 
indicate the type or primary method being used, such as dead 
reckoning navigation, celestial navigation, radar navigation, 
pressure pattern navigation, Doppler navigation, grid naviga- 
tion, inertial navigation, and others. 


SOURCES OF NAVIGATIONAL INFORMATION 


In addition to this manual, several other sources provide 
complete or partial references to all methods and techniques of 
navigation. Some of these are: 

* US Navy Oceanographic Office, Air Navigation, HO Pub 
216. This is a general reference book for air navigators. 
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¢ US Navy Oceanographic Office, American Practical Naviga- 
tor, Bowditch, HO Pub 9. An epitome of navigation, this text 
provides a compendium of navigational material. Although 
designed primarily for the marine navigator, it has valuable 
application for the air navigator. 

* United States Naval Institute, Navigation and Piloting, Dut- 
ton. This is a teaching text for the elements of marine naviga- 
tion. 

¢ Air Training Command, Navigation for Pilot Training, ATCP 
51-16. This manual explains the basic principles and procedures 
of air navigation used by pilots. 

* USAF, Air Training Command, The Navigator, USAFRP 
50-3, published three times per year by ATC. This magazine 
contains a variety of articles from worldwide sources that relate 
to navigation and which advance new and different means for 
accomplishing techniques of navigation. 

The following United States Observatory and U.S. Navy 
Oceanographic Office publications are also prescribed for Air 
Force use: 
¢ Air Almanac 
¢ American Ephemeris and Nautical Almanac 
¢ HO Pub 9 (Part II), Useful Tables for the American Practical 
Navigator 
¢ HO Pub 211, Dead Reckoning Altitude and Azimuth Tables 
* HO Pub 249, Sight Reduction Tables for Air Navigation 

The Department of Defense (DOD) Catalog of Aeronautical 
Charts and Flight Publications, published by the Defense Map- 
ping Agency (DMA), contains information on the basis of issue 
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and procedures for requisitioning these publications. The use of 
the Air Almanac and HO 249 tables is discussed in detail later in 
this manual. 


SUMMARY 


Some form of navigation has been accomplished since the 
ancient Greeks and Phoenicians began sailing far from land. The 
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problems of air navigation and the navigator today are far 
different from those experienced by these ancient mariners. 
With the advent of newer, high-speed aircraft, the navigator 
must be able to quickly and accurately make decisions which 
directly affect the safety of the aircraft and the crew. Using 
proven techniques and modern aids, the navigator practices a 
scientific art. 
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Chapter 2 


MAPS AND CHARTS 
(EARTH’S COORDINATES) 


INTRODUCTION 


Basic to the study of navigation is an understanding of certain 
terms which could be called the dimensions of navigation. 
These so-called dimensions of position, direction, distance, and 
time are basic references used by the air navigator. A clear 
understanding of these dimensions as they relate to navigation is 
necessary to provide the navigator with a means of expressing 
and accomplishing the practical aspects of air navigation. These 
terms are defined as follows: 

* Position is a point defined by stated or implied coordinates. 
Though frequently qualified by such adjectives as ‘‘estimated,”’ 
‘‘dead reckoning,’’ “‘no wind,”’ and so forth, the word ‘‘posi- 
tion’’ always refers to some place that can be identified. It is 
obvious that a navigator must know the aircraft’s immediate 
position before being able to direct the aircraft to another posi- 
tion or in another direction. 

¢ Direction is the position of one point in space relative to 
another without reference to the distance between them. Direc- 
tion is not in itself an angle, but it is often measured in terms of 
its angular distance from a reference direction. 

* Distance is the spatial separation between two points and is 
measured by the length of a line joining them. On a plane 
surface, this is a simple problem. However, consider distance 
on a sphere, where the separation between points may be ex- 
pressed as a variety of curves. It is essential that the navigator 
decide exactly ‘‘how’’ the distance is to be measured. The 
length of the line, once the path or direction of the line has been 
determined, can be expressed in various units; for example, 
miles, yards, and so forth. 

* Time is defined in many ways, but those definitions used in 
navigation consist mainly of: (1) the hour of the day and (2) an 
elapsed interval. 

The methods of expressing position, direction, distance, and 
time are covered fully in appropriate chapters. It is desirable at 
this time to emphasize that these terms, and others similar to 
them, represent definite quantities or conditions which may be 
measured in several different ways. For example, the position of 
an aircraft may be expressed in coordinates such as a certain 
latitude and longitude. The position may also be expressed as 
being 10 miles south of a certain city. The study of navigation 
demands that the navigator learn how to measure quantities such 
as those just defined and how to apply the units by which they 
are expressed. 


EARTH’S SIZE AND SHAPE 


For most navigational purposes, the Earth is assumed to be a 
perfect sphere, although in reality it is not. Inspection of the 
Earth’s crust reveals there is a height variation of approximately 
12 miles from the top of the tallest mountain to the bottom of the 
deepest point in the ocean. Smaller variations in the surface 
(valleys, mountains, oceans, etc) cause an irregular appearance. 

Measured at the equator, the Earth is approximately 6,887.91 
nautical miles in diameter, while the polar diameter is approx- 
imately 6,864.57 nautical miles. The difference in these diame- 
ters is 23.34 nautical miles, and this difference may be used to 
express the ellipticity of the Earth. It is sometimes expressed as a 
ratio between the difference and the equatorial diameter: 

73.34 “I 


6,887.91 295 
Since the equatorial diameter exceeds the polar diameter by 
only | part in 295, the Earth is very nearly spherical. A symmet- 
rical body having the same dimensions as the Earth, but with a 
smooth surface, is called an oblate spheriod. 
In figure 2-1, Pn, E, Ps, and W represent the surface of the 
Earth, and Pn-Ps represents the axis of rotation. The Earth 
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Figure 2-1. Schematic Representation of the Earth 
Showing Axis of Rotation and Equator. 
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The largest circle possible whose 
center is also the center of the 
sphere is called a GREAT CIRCLE. 
All other circles are small circles. 





GREAT CIRCLE 


Figure 2-2. A Great Circle is the Largest Circle in a 
Sphere. 
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rotates from W to E. All points in the hemisphere Pn, W, Ps 
approach the reader, while those in the opposite hemisphere 
recede from the reader. The circumference W-E is called the 
equator, which is defined as that imaginary circle on the surface 
of the Earth whose plane passes through the center of the Earth 
and is perpendicular to the axis of rotation. 


Great Circles and Small Circles 


A great circle is defined as a circle on the surface of a sphere 
whose center and radius are those of the sphere itself. It is the 
largest circle that can be drawn on the sphere; it is the intersec- 
tion with the surface of the Earth of any plane passing through 
the Earth’s center. 

The arc of a great circle is the shortest distance between two 
points on a sphere, just as a straight line is the shortest distance 
between two points on a plane. On any sphere, an indefinitely 
large number of great circles may be drawn through any point, 
though only one great circle may be drawn through any two 
points that are not diametrically opposite. Several great circles 
are shown in figure 2-2. 

Circles on the surface of the sphere other than great circles 
may be defined as small circles. A small circle is a circle on the 
surface of the Earth whose center and (or) radius are not that of 
the sphere. A special set of small circles, called latitude, is 
discussed later. 

In summary, the intersection of a sphere and a plane is a 
circle—a great circle if the plane passes through the center of the 
sphere, and a small circle if it does not. 


Latitude and Longitude 


The nature of a sphere is such that any point on it is exactly 
like any other point. There is neither beginning nor ending as far 
as differentiation of points 1s concerned. In order that points may 
be located on the Earth, some points or lines of reference are 
necessary so that other points may be located with regard to 
them. Thus, the location of New York City with reference to 
Washington DC, is stated as a number of miles in a certain 
direction from Washington. Any point on the Earth can be 
located in this manner. 

Such a system, however, does not lend itself readily to 
navigation, for it would be difficult to locate a point precisely in 
mid-Pacific without any nearby known geographic features to 
use for reference. A system of coordinates has been developed 
to locate positions on the Earth by means of imaginary reference 
lines. These lines are known as parallels of latitude and meridi- 
ans of longitude. 

Latitude. Once a day, the Earth rotates on its north-south axis 
which is terminated by the two poles. The equator is constructed 
at the midpoint of this axis at right angles to it (figure 2-3). A 
great circle drawn through the poles is called a meridian, and an 
infinite number of great circles may be constructed in this 
manner. Each meridian is divided into four quadrants by the 
equator and the poles. Since a circle is arbitrarily divided into 
360 degrees, each of these quadrants therefore contains 90 
degrees. 
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Figure 2-3. Planes of the Earth. 


Take a point on one of these meridians 30 degrees north of the 
equator. Through this point passes a plane perpendicular to the 
north-south axis of rotation. This plane will be parallel to the 
plane of the equator as shown in figure 2-3 and will intersect the 
Earth in a small circle called a parallel or parallel of latitude. The 
particular parallel of latitude chosen as 30° N, and every point on 
this parallel will be at 30° N. In the same way, other parallels can 
be constructed at any desired latitude, such as 10 degrees, 40 
degrees, etc. 

Bear in mind that the equator is drawn as the great circle 
midway between the poles and that the parallels of latitude are 
small circles constructed with reference to the equator. The 
angular distance measured on a meridian north or south of the 
equator is known as latitude (figure 2-4) and forms one compo- 
nent of the coordinate system. 





Figure 2-4. Latitude of M is Angle QOM or ARC QM. 


Longitude. The latitude of a point can be shown as 20° N or 
20° S of the equator, but there is no way of knowing whether one 
point is east or west of another. This difficulty is resolved by use 
of the other component of the coordinate system, longitude, 
which is the measurement of this east-west distance. 

There is not, as with latitude, a natural starting point for 
numbering, such as the equator. The solution has been to select 
an arbitrary starting point. A great many places have been used, 
but when the English speaking people began to make charts, 
they chose the meridian through their principal observatory in 





Figure 2-5. Longitude is Measured East and West of 


Greenwich Meridian. 
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Figure 2-6. Latitude is Measured from the Equator; 
Longitude from the Prime Meridian. 


Greenwich, England, as the origin for counting longitude, and 
this point has now been adopted by most other countries of the 
world. This Greenwich meridian is sometimes called the prime 
or first meridian, though actually it is the zero meridian. Long!- 
tude is counted east and west from this meridian through 180 
degrees, as shown in figure 2-5. Thus, the Greenwich meridian 
is the 0 degree longitude on one side of the Earth and, after 
crossing the poles, it becomes the 180th meridian (180 degrees 
east or west of the 0-degree meridian). 

Summary. If a globe has the circles of latitude and longitude 
drawn upon it according to the principles described, and the 
latitude and longitude of a certain place have been determined 
by observation, this point can be located on the globe in its 
proper position (figure 2-6). In this way, a globe can be formed 
that resembles a small-scale copy of the spherical Earth. 

It may be well to point out here some of the measurements 
used in the coordinate system. Latitude is measured in degrees 
up to 90, and longitude is expressed in degrees up to 180. The 
total number of degrees in any one circle cannot exceed 360. A 
degree (°) of arc may be subdivided into smaller units by divid- 
ing each degree into 60 minutes (’) of arc. Each minute may be 
further subdivided into 60 seconds (") or arc. Measurement may 
also be made, if desired, in degrees, minutes, and tenths of 
minutes. 

A position on the surface of the Earth is expressed in terms of 
latitude and longitude. Latitude is expressed as being either 
north or south of the equator, and longitude as either east or west 
of the prime meridian. 


Distance 
Distance as previously defined is measured by the length of a 


line joining two points. In navigation, the most common unit for 
measuring distances is the nautical mile. For most practical 
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navigational purposes, all of the following units are used inter- 
changeably as the equivalent of one nautical mile: 

¢ 6,076.10 feet (nautical mile). 

¢ One minute of arc of a great circle on a sphere having an area 
equal to that of the Earth. 

¢ 6,087.08 feet. One minute of arc on the Earth’s equator 
(geographic mile). 

¢ One minute of arc on a meridian (one minute of latitude). 
* Two thousand yards (for short distances). 

Navigation is done in terms of nautical miles. However, it is 
sometimes necessary to interconvert statute and nautical miles. 
This conversion is easily made with the following ratio: 

In a given distance: 
Number of statue miles — 76 


Number of nautical miles 66 


Closely related to the concept of distance is speed, which 
determines the rate of change of position. Speed is usually 
expressed in miles per hour, this being either statute miles per 
hour or nautical miles per hour. If the measure of distance is 
nautical miles, it is customary to speak of speed in terms of 
knots. Thus, a speed of 200 knots and a speed of 200 nautical 
miles per hour are the same thing. It is incorrect to say 200 knots 
per hour unless referring to acceleration. 


Direction 


Remember that direction is the position of one point in space 
relative to another without reference to the distance between 
them. The time-honored point system for specifying a direction 
as north, north-northwest, northwest, west-northwest, west, 
etc, is not adequate for modern navigation. It has been replaced 
for most purposes by a numerical system. 

The numerical system (figure 2-7) divides the horizon into 
360 degrees starting with north as 000 degrees, and continuing 
clockwise through east 090 degrees, south 180 degrees, west 
270 degrees, and back to north. 

The circle, called a compass rose, represents the horizon 
divided into 360 degrees. The nearly vertical lines in the illustra- 
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Figure 2-8. Measuring True Bearing from True North. 


tion are meridians drawn as straight lines with the meridian of 
position ‘‘A’’ passing through 000 degrees and 180 degrees of 
the compass rose. Position ‘‘B’’ lies at a true direction of 062 
degrees from ‘‘A’’, and position ‘‘C’’ is at a true direction of 
295 degrees from ‘‘A’’. 

Since determination of direction is one of the most important 
parts of the navigator’s work, the various terms involved should 
be clearly understood. Generally, in navigation unless other- 
wise stated, all directions are called true (T) directions. 
¢ Course is the intended horizontal direction of travel. 

* Heading is the horizontal direction in which an aircraft is 
pointed. Heading is the actual orientation of the longitudinal 
axis of the aircraft at any instant, while course is the direction 
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intended to be made good. 

¢ Track is the actual horizontal direction made by the aircraft 
over the Earth. 

¢ Bearing is the horizontal direction of one terrestrial point from 
another. As illustrated in figure 2-8, the direction of the island 
from the aircraft is marked by the line of sight (a visual bearing). 
Bearings are usually expressed in terms of one of two reference 
directions: (1) true north, or (2) the direction in which the 
aircraft is pointed. If true north is the reference direction, the 
bearing 1s called a true bearing. If the reference direction is the 
heading of the aircraft, the bearing is called a relative bearing as 
shown in figure 2-9. (A complete explanation of these terms and 
their use in navigation is given in attachment 3.) 
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Figure 2-9. Measure Relative Bearing from Aircraft Heading. 
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Figure 2-10. Great Circle and Rhumb Line. 


Great Circle and Rhumb Line Direction 


The direction of the great circle, shown in figure 2-10, makes 
an angle of about 50 degrees with the meridian of New York, 
about 90 degrees with the meridian of Iceland, and a still greater 
angle with the meridian of London. In other words, the direction 
of the great circle is constantly changing as progress is made 
along the route, and is different at every point along the great 
circle. Flying such a route requires constant change of direction 
and would be difficult to fly under ordinary conditions. Still, itis 
the most desirable route, since it is the shortest distance between 
any two points. 

A line which makes the same angle with each meridian is 
called a rhumb line. An aircraft holding a constant true heading 
would be flying a rhumb line. Flying this sort of path results in a 
greater distance traveled, but it is easier to steer. If continued, a 
rhumb line spirals toward the poles in a constant true direction 
but never reaches them. The spiral formed is called a loxodrome 
or loxodromic curve as shown in figure 2-11. 

Between two points on the Earth, the great circle is shorter 
than the rhumb line, but the difference is negligible for short 
distances (except in high latitudes) or if the line approximates a 
meridian or the equator. | 


CHARTS AND PROJECTIONS 


Basic Information 

There are several basic terms and ideas, relative to charts and 
projections, that the reader should be familiar with prior to 
discussing the various projections used in the creation of aero- 
nautical charts. 
¢ A map or chart is a small scale representation on a plane 
surface of the surface of the Earth or some portion of it. 
¢ A chart projection is a method for systematically representing 
the meridians and parallels of the Earth on a plane surface. 
¢ The chart projection forms the basic structure on which a chart 
is built and determines the fundamental characteristics of the 
finished chart. 
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Figure 2-11. A Rhumb Line or Loxodrome. 


¢ There are many difficulties which must be resolved when 
representing a portion of the surface of a sphere upon a plane. 
Two of these are distortion and perspective. 

Distortion cannot be entirely avoided, but it can be controlled 
and systematized to some extent in the drawing of a chart. If a 
chart is drawn for a particular purpose, it can be drawn in such a 
way as to minimize the type of distortion which is most detri- 
mental to the purpose. Surfaces that can be spread out in a plane 
without stretching or tearing such as acone or cylinder are called 
developable surfaces, and those like the sphere or spheroid that 
cannot be formed into a plane without distortion are called 
nondevelopable. (figure 2-12.) 

The problem of creating a projection lies in developing a 
method for transferring the meridians and parallels to the chart 
in a manner that will preserve certain desired characteristics as 
nearly as possible. The methods of projection are either mathe- 
matical or perspective. 

The perspective or geometric projection consists of projecting 
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Figure 2-12. Developable and Nondevelopable Surfaces. 


a coordinate system based on the Earth-sphere from a given 
point directly onto a developable surface. The properties and 
appearance of the resultant map will depend upon two factors; 
the type of developable surface and the position of the point of 
projection. 

The mathematical projection is derived analytically to pro- 
vide certain properties or characteristics which cannot be arrived 
at geometrically. Let us now consider some of the choices we 
have for selecting projections which best accommodate these 
properties and characteristics. 


Choice of Projection 


The ideal chart projection would portray the features of the 
Earth in their true relationship to each other; that is, directions 
would be true and distances would be represented at a constant 
scale over the entire chart. This would result in equality of area 
and true shape throughout the chart. 

Such a relationship can only be represented on a globe. It is 
impossible to preserve, on a flat chart, constant scale and true 
direction in all directions at all points, nor can both relative size 
and shape of the geographic features be accurately portrayed 
throughout the chart. The characteristics most commonly de- 


A; 


sired in a chart projection are: 

¢ Conformality 

* Constant Scale 

¢ Equal area 

¢ Great circles as straight lines 

¢ Rhumb lines as straight lines 

¢ True azimuth 

¢ Geographic position easily located 

Conformality. Of the many projection characteristics, confor- 
mality is the most important for air navigation charts. The 
limitations imposed by selection of this characteristic, with the 
resulting loss of other desirable but inharmonious qualities, are 
offset by the advantages of conformality. For any projection to 
be conformal, three conditions must be satisfied: 

First, the scale at any point on the projection must be indepen- 
dent of azimuth. This does not imply. however, that the scale 
about two points at different latitudes will be equal. It means, 
simply, that the scale at any given point will, for a short dis- 
tance, be equal in all directions. 

Second, the outline of areas on the chart must conform in 
shape to the feature being portrayed. This condition applies only 
to small and relatively small areas; large land masses must 
necessarily reflect any distortion inherent inthe projection. 
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Finally, since the meridians and parallels of Earth intersect at 
right angles, the longitude and latitude lines on all conformal 
projections must exhibit this same perpendicularly. This charac- 
teristic facilitates the plotting of points by geographic coordin- 
ates. 

Constant Scale. The property of constant scale throughout the 
entire chart is highly desirable but impossible to obtain, as it 
would require that the scale be the same at all points and in all 
directions throughout the chart. 

Equal Area. These charts are so designed to maintain a 
constant ratio of area throughout, although original shapes may 
be distorted beyond recognition. Equal area charts are of little 
value to the navigator, since an equal area chart cannot be 
conformal. They are, however, often used for statistical pur- 
poses. 

Straight Line. The rhumb line and the great circle are the two 
curves that a navigator might wish to have represented on a map 
as straight lines. The only projection which shows all rhumb 
lines as straight lines is the Mercator. The only projection which 
shows all great circles as straight lines is the gnomonic projec- 
tion. However, this is not a conformal projection and cannot be 
used directly for obtaining direction or distance. No conformal 
chart will represent all great circles as straight lines. 

True Azimuth. It would be extremely desirable to have a 
projection which showed directions or azimuths as true through- 
- Out the chart. This would be particularly important to the naviga- 
tor, who must determine from the chart the heading to be flown. 
There is no chart projection that will represent true great circle 
direction along a straight line from all points to all other points. 

Coordinates Easy to Locate. The geographic latitudes and 
longitudes of places should be easily found or plotted on the map 
when the latitudes and longitudes are known. 


Figure 2-13. Azimuthal Projections. 





AFM 51-40 15 March 1983 


CLASSIFICATION OF PROJECTIONS 


Chart projections may, of course, be classified in many ways. 
In this manual, the various projections are divided into three 
classes according to the type of developable surface to which the 
projections are related. These classes are azimuthal, cylindrical, 
and conical. 


Azimuthal Projections 


An azimuthal or zenithal projection is one in which points on 
the Earth are transferred directly to a plane tangent to the Earth. 
According to the positioning of the plane and the point of 
projection, various geometric projections may be derived. If the 
origin of the projecting rays (point of projection) is the center of 
the sphere, a gnomonic projection results. If it is located on the 
surface of the Earth opposite the point of the tangent plane, the 
projection is a stereographic, and if it is at infinity, an ortho- 
graphic projection results. Figure 2-13 shows these various 
points of projection. 

Gnomonic Projection. All gnomonic projections are direct 
perspective projections. Since the plane of every great circle 
cuts through the center of the sphere, the point of projection is in 
the plane of every great circle. This property then becomes the 
most important and useful characteristic of the gnomonic pro- 
jection. Each and every great circle is represented by a straight 
line on the projection. 

A complete hemisphere cannot be projected onto this plane, 
because points 90° from the center of the map project lines 
parallel to the plane of projection. 

Because the gnomonic is nonconformal, shapes or land mas- 
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Figure 2-14. Gnomonic Projections. 


ses are distorted, and measured angles are not true. At only one 
point, the center of the projection, are the azimuths of lines true. 
At this point, the projection is said to be azimuthal. 

Gnomonic projections are classified according to the point of 
tangency of the plane of projection. A gnomonic projection is 
polar gnomonic when the point of tangency is one of the poles, 
equatorial gnomonic when the point of tangency is at the equator 
and any selected meridian, and oblique gnomonic when the 
point of tangency is at any point other than one of the poles or the 
equator (figure 2-14). 

Stereographic Projection. The stereographic projection is a 
perspective conformal projection of the sphere. 

The term horizon stereographic is applied to any stereo- 
graphic projection where the center of the projection is posi- 
tioned at any point other than the geographic poles or the 
equator. If the center is coincident with one of the poles of the 
reference surface the projection is called polar stereographic. If 
the center lies on the equator, the primitive circle is a meridian, 
which gives the name meridian stereographic or equatorial 
steréographic. The illustration in figure 2-15 shows the three 
stefeographic projections. 

Horizon and Meridian Stereographic. Since the horizon 
Stereographic and the meridian stereographic are not used in 
navigation, they are not discussed in this manual. 


Figure 2-15. Stereographic Projections. 





Orthographic Projection. \f the plane is tangent to the Earth 
at the equator, the parallels appear as straight lines and the 
meridians as elliptical curves, except the meridian through the 
point of tangency, which is a straight line. 

The illustration in figure 2-16 shows an equatorial ortho- 
graphic projection. Its principal use in navigation ts in the field 
of navigational astronomy, where it is useful for illustrating 
celestial coordinates, since the view of the Moon, the Sun, and 
other celestial bodies from the Earth is essentially orthographic. 

Azimuthal Equidistant Projection. This projection is neither 
perspective, equal area, nor conformal. It is called azimuthal 
equidistant because straight lines radiating from the center rep- 
resent great circles as true azimuths, and distances along these 
lines are true to scale. 

The entire surface of the sphere is mapped tn a circle, the 
diameter being equal to the circumference of the Earth at re- 
duced scale. With respect to the entire Earth, the perimeter of 
the circle represents the points diametrically opposite the center 
of the projection. The appearance of the curves representing the 
parallels and meridians depends upon the point selected as the 
center of the projection and may be described in terms of three 
general classifications. 

1. If the center is one of the poles, the meridians are repre- 
sented as straight lines radiating from it, with convergence equal 
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Projection points 
at infinity 
(lines parallel). 


Figure 2-16. Equatorial Orthographic Projection. 


to unity, and the parallels are represented as equally spaced 
concentric circles. 

2. If the center is on the equator, the meridian of the center 
point and its antimeridian form a diameter of the circle (shown 
as a vertical line) and the equator Is also a diameter perpendicu- 
lar to it. One-fourth of the Earth’s surface is mapped in each of 
the quadrants of the circle determined by these two lines. 

3. If the center is any other point, only the central meridian 
(and its antimeridian) form a straight line diameter. All other 
lines are curved. For an example of the projection see figure 
2-17. 





Figure 2-17. Azimuthal Equidistant Projection with 
Point of Te-gency Lat 40°N, Long 100°W. 
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The property of true distance and azimuth from the central 
point makes the projection useful in aeronautics and radio en- 
gineering. For example, if an important airport is selected for 
the point of tangency, the great circle distance and course from 
that point to any other position on the Earth are quickly and 
accurately determined. Similarly, for communications work at a 
fixed point (point of tangency), the path of an incoming signal 
whose direction of arrival has been determined is at once appar- © 
ent, as is the direction in which to train a directional antenna for 
desired results. 


Cylindrical Projections 


The only cylindrical projection used for navigation is the 
Mercator, named after its originator, Gerhard Mercator (Kram- 
er), who first devised this type of chart in the year 1569. The 
Mercator is the only projection ever constructed that is confor- 
mal and at the same time displays the rhumb line as a straight 
line. It is used for navigation, for nearly all atlases (a word 
coined by Mercator), and for many wall maps. 

Imagine a cylinder tangent to the equator, with the source of 
projection at the center of the Earth. It would appear much like 
the illustration in figure 2-18, with the meridians being straight 
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Figure 2-18. Cylindrical Projection. 
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ines and the parallels being unequally spaced circles around the 
‘ylinder. It is obvious from the illustration that those parts of the 
errestrial surface close to the poles could not be projected unless 
he cylinder was tremendously long, and the poles could not be 
wrojected at all. 

On the Earth, the parallels of latitude are perpendicular to the 
meridians, forming circles of progressively smaller diameters as 
the latitude increases. On the cylinder, the parallels of latitude 
are shown perpendicular to the projected meridians but, since 
the diameter of a cylinder is the same at any point along the 
longitudinal axis, the projected parallels are all the same length. 
If the cylinder is cut along a vertical line—a meridian—and 
spread flat, the meridians appear as equal-spaced, vertical lines, 
and the parallels as horizontal lines. 

The cylinder may be tangent at some great circle other than 
the equator, forming other types of cylindrical projections. If the 
cylinder is tangent at some meridian, it is a transverse cylindri- 
cal projection and, if it is tangent at any point other than the 
equator or a meridian, it is called an oblique cylindrical projec- 
tion. The patterns of latitude and longitude appear quite differ- 
ent on these projections, since the line of tangency and the 
equator no longer coincide. 

Mercator Projection. The Mercator projection 1s a confor- 
mal, nonperspective projection; it is constructed by means of a 

mathematical transformation and cannot be obtained directly by 
graphical means. The distinguishing feature of the Mercator 
projection among cylindrical projections is that at any latitude 
the ratio of expansion of both meridians and parallels is the 
same, thus. preserving the relationship existing on the Earth. 
This expansion is equal to the secant of the latitude, with a small 
correction for the ellipticity of the Earth. Since expansion is the 


same‘in all directions and since all directions and all angles are 
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correctly represented, the projection is conformal. Rhumb lines 
appear as straight lines, and their directions can be measured 
directly on the chart. Distance can also be measured directly, but 
not by a single distance scale on the entire chart, unless the 
spread of latitude is small. Great circles appear as curved lines, 
concave to the equator, or convex to the nearest pole. The 
shapes of small areas are very nearly correct, but are of in- 
creased size unless they are near the equator as shown in figure 
2-19. 

The Mercator projection has the following disadvantages: 
¢ Difficulty of measuring large distances accurately. 
¢ Conversion angle must be applied to great circle bearing 
before plotting. 
¢ The chart is useless in polar regions above 80° N or below 80° 
S since the poles cannot be shown. 

Transverse Mercator. The transverse or inverse Mercator is a 
conformal map designed for areas not covered by the equatorial 
Mercator. With the transverse Mercator, the property of straight 
meridians and parallels is lost, and the rhumb line is no longer 
represented by a straight line. The parallels and meridians be- 
come complex curves and, with geographic reference, the trans- 
verse Mercator is difficult to use as a plotting chart. The trans- 
verse Mercator, though often considered analogous to a projec- 
tion onto acylinder, is in reality a nonperspective projection that 
is constructed mathematically. This analogy (illustrated in fi- 
gure 2-20) however, does permit the reader to visualize that the 
transverse Mercator will show scale correctly along the central 
meridian which forms the great circle of tangency. In effect, the 
cylinder has been turned 90 degrees from its position for the 
ordinary Mercator, and some meridian, called the central merid- 
ian, becomes the tangential great circle. One series of USAF 
charts using this type of projection places the cylinder tangent to 





Figure 2-19, Mercator is Conformal but not Equal Area. 
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Figure 2-20. Transverse Cylindrical Projection — Cylinder Tangent at the Poles. 


the 90°E-90°W longitude. 

These projections use a fictitious graticule similar to, but 
offset from, the familiar network of meridians and parallels. The 
tangent great circle is the fictitious equator. Ninety degrees from 
it are two fictitious poles. A group of great circles through these 
poles and perpendicular to the tangent constitutes the fictitious 
meridians, while a series of lines parallel to the plane of the 
tangent great circle forms the fictitious parallels. 

On these projections, the fictitious graticule appears as the 
geographical one ordinarily appearing on the equatorial Mer- 
cator. That is, the fictitious meridians and parallels are straight 
lines perpendicular to each other. The actual meridians and 
parallels appear as curved lines, except the line of tangency. 

Geographical coordinates are usually expressed in terms of the 
conventional graticule. A striaght line on the transverse Merca- 


~ 


tor projection makes the same angle with all fictitious meri- 
dians, but not with the terrestrial meridians. It is, therefore, a 
fictitious rhumb line. 

The appearance of a transverse Mercator using the 90°E- 
90°W meridian as a reference or fictitious equator is shown in 
figure 2-20. The dotted lines are the lines of the fictitious 
projection. The N-S meridian through the center is the fictitious 
equator, and all other original meridians are now curves concave 
to the N-S meridian with the original parallels now being curves 
concave to the nearer pole. 

Oblique Mercator. The cylindrical projection in which the 
cylinder is tangent at a great circle other than the equator or a 
meridian is called an oblique Mercator (figure 2-21). 

You can see that as a sphere fits into a cylinder, it makes no 
difference how it is turned. The fit, or line of tangency, can be 
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Figure 2-21. Oblique Mercator Projection. 


any great circle. Thus, the oblique Mercator projection is unique 
in that it is prepared and used for special purposes. This projec- 
tion is used principally to depict an area in the near vicinity of an 
oblique great circle, as, for instance, along the great circle route 
between two important centers a relatively great distance apart 
(figure 2-22). 

Consider a flight between Seattle and Tokyo. The shortest 
distance is naturally the great circle distance and is, therefore, 
the route to fly. Plotting the great circle on a Mercator, you find 
that it takes the form of a high arching curve as shown. Since the 
scale on a Mercator changes with latitude, there will be a 
considerable scale change when you consider the latitude band 


NOTE: (DIAGRAM 1S NOT ACCURATE BUT MERELY PORTRAYS IDEA 
$- BEHIND DEVELOPMENT OF OBLIQUE MERCATOR PROJECTION.) © 


Figure 2-22. Great Circle Route from Seattle to Tokyo on Mercator Projection. 
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that this great circle route covers. 

If you were only concerned with the great circle route and a 
small band of latitude (say 5°) on either side, the answer to your 
problem would be the oblique Mercator. With the cylinder made 
tangential along the great circle joining Seattle and Tokyo, the 
resultant graticule would enjoy most of the good properties 
found near the equator on a conventional Mercator. 

Advantages. The oblique Mercator projection has several 
desirable properties. The projection is conformal. The x axis is a 
great circle course at true scale. The projection can be con- 
structed using any desired great circle as the x axis. The scale is 
equal to the secant of the angular distance from the x axis. 
Therefore, near the x axis, the scale change is slight. This makes 
the projection almost ideal for strip charts of great circle flights. 

Limitations. The projection also has many disadvantages. 
Rhumb lines are curved lines; therefore, the chart is of little use 
to the navigator. Scale expansion and area distortion in the 
region of the oblique pole are the same as that of the standard 
Mercator in the region of the pole. Radio bearings cannot be 
plotted directly on the chart. All meridians and parallels are 
curved lines. A separate projection must be computed and 
constructed for each required great circle course. 


Conic Projections 


There are two classes of conic projections. The first is a 
simple conic projection constructed by placing the apex of the 
cone over some part of the Earth (usually the pole) with the cone 
tangent to a parallel called the standard parallel and projecting 
the graticule of the reduced Earth onto the cone as shown in 
figure 2-23. The chart is obtained by cutting the cone along 
some meridian and unrolling it to form a flat surface. Notice. in 
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Figure 2-23. Simple Conic Projection. 


figure 2-24, the characteristic gap that appears when the cone is 
unrolled. The second is a secant cone, cutting through the Earth 
and actually contacting the surface at two standard parallels as 
shown in figure 2-25. 

Lambert Conformal (Secant Cone). The Lambert conformal 
conic projection is of the conical type in which the meridians are 
straight lines which meet at acommon point beyond the limits of 
the chart and parallels are concentric circles, the center of each 
being the point of intersection of the meridians. Meridians and 
parallels intersect at right angles. Angles formed by any two 
lines or curves on the Earth’s surface are correctly represented. 

The projection may be developed by either the graphic or 
mathematical method. It employs a secant cone intersecting the 
spheroid at two parallels of latitude, called the standard paral- 
lels, of the area to be represented. The standard parallels are 
represented at exact scale. Between these parallels, the scale 





Figure 2-24. Simple Conic Projection of Northern 
Hemisphere. 


Figure 2-25. Conic Projection Using Secant Cone. 


factor is less than unit and, beyond them, greater than unity. For 
equal distribution of scale error (within and beyond the standard 
parallels), the standard parallels are selected at one-sixth and 
five-sixths of the total length of the segment of the central 
meridian represented. The development of the Lambert confor- 
mal conic projection is shown by figure 2-26. 

The great elliptic is a curve closely approximating a straight 
line. | 

The geodesic is a curved line always concave toward the 
midparallel, except in the case of a meridian where, by defini- 
tion, it is a straight line. 

The loxodrome, with the exception of meridians, is a curved 
line concave toward the pole. 

Uses. The chief use of the Lambert conformal conic projec- 
tion is in mapping areas of small latitudinal width but great 
longitudinal extent. No projection can be both conformal and 
equal area but, by limiting latitudinal width, scale error is 
decreased to the extent that the projection gives very nearly an 
equal area representation in addition to the inherent quality of 
conformality. This makes the projection very useful for aero- 
nautical charts. : 

Advantages. Some of the chief advantages of the Lambert 
conformal conic projection are: 
¢ Conformality 
¢ Great circles are approximated by straight lines (actually con- 
cave toward the midparallel). 
¢ For areas of small latitudinal width, scale is nearly constant. 
For example, the US may be mapped with standard parallels at 
33°N and 45°N with a scale error of only 2'2% for southern 
Florida. The maximum scale error between 30°30'N and 
47°30’N is only one-half of 1%. 
¢ Positions are easily plotted and read in terms of latitude and 
longitude. 
¢ Construction is relatively simple. 
¢ Its two standard parallels give it two “‘lines of strength’’ (lines 
along which elements are represented true to shape and scale). 
¢ Distance may be measured quite accurately. For example, the 
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Figure 2-26. Lambert Conformal Conic Projection. 


distance from Pittsburgh to Istanbul is 5,277 nautical miles; 
distance as measured by the graphic scale on a Lambert projec- 
tion (standard parallels 36°N and 54°N) without application of 
the scale factor is 5,258 nautical miles; an error of less than 
four-tenths of 1%. 

Limitations. Some of the chief limitations of the Lambert 
Conformal conic projection are: 
*Rhumb lines are curved lines which cannot be plotted 
accurately. 
* Great circles are curved lines concave toward the midparallel. 
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MERIDIANS ARE 
STRAIGHT LINES 


¢ Maximum scale increases as latitudinal width increases. 
¢ Parallels are curved lines (arcs of concentric circles). 
¢ Continuity of conformality ceases at the junction of two 
bands, even though each is conformal. If both have the same 
scale along their standard parallels, the common parallel (junc- 
tion) will have a different radius for each band; therefore, they 
will not join perfectly. 

Constant of the Cone. Most conic charts have the constant of 
the cone (convergence factor) computed and listed on the chart 
as shown in figure 2-27. 





Figure 2-27. Convergence Factor on JN Chart. 
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Figure 2-28. A Lambert Conformal, Covergence Factor 
0.785. | 


Convergence Angle. The convergence angle is the actual 
angle on a chart formed by the intersection of the Greenwich 
meridian and some other meridian; the pole serves as the vertex 
of the angle. Convergence angles, like longitudes, are measured 
east and west from the Greenwich meridian. 

Convergence Factor. A chart’s convergence factor is a deci- 
mal number which expresses the ratio between meridional con- 
vergence as it actually exists on the Earth and as it is portrayed 
on the chart. When the convergence angle equals the number of 
the selected meridian, the chart convergence factor is 1.0. When 
the convergence angle is less than the number of the selected 
meridian, the chart convergency factor is proportionately less 
than 1.0. 

The subpolar projection illustrated in figure 2-28 portrays the 
standard parallels, 37°N and 65°N. It presents 360 degrees of the 
Earth’s surface on 283 degrees of paper. Therefore, the chart has 
a convergence factor (CF) of 0.785 (283 degrees divided by 360 
degrees equals 0.785). Meridian 90°W forms a west conver- 
gence angle (CA) of 71° with the Greenwich meridian. Express- 
ed as a formula: 

CF xX longitude = CA 

0.785 x 90°W = 71° west CA 

A chart’s convergence factor is easily approximated on sub- 
polar charts by: 

1. Drawing a straight line which covers 10 lines of longitude. 

2. Measuring the true course at each end of the line, noting 
the difference between them, and dividing the difference by 10. 

3. The quotient represents the chart’s convergence factor. 

Because of its projection, the meridians on a transverse Mer- 
cator chart do not coincide with the meridians on the Earth. As a 
result, the meridians appear as curved lines on the chart. A 
correction factor is obtained through the use of a graph (figure 
2-29) to mathematically straighten the longitudes. 

Figures 2-30, 2-31, and 2-32 list characteristics of cylindrical, 
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conical, and azimuthal projections. They are presented as a 
review of the material, concerning projections, covered this far. 


AERONAUTICAL CHARTS 


An aeronautical chart is a pictorial representation of a portion 
of the Earth’s surface upon which lines and symbols in a variety 
of colors represent features and (or) details that can be seen on 
the Earth’s surface. In addition to ground image, many addition- 
al symbols and notes are added to indicate navigational aids and 
data necessary for air navigation. Properly used, a chart is a vital 
adjunct to navigation; improperly used, it may even prove a 
hazard. Without it, modern navigation would never have 
reached its present state of development. Because of their great 
importance, the navigator must be thoroughly familiar with the 
wide variety of aeronautical charts and understand their many 
uses. 

Aeronautical charts are produced on many different types of 
projections. A projection can be defined as a systematic con- 
struction of lines on a plane surface to represent the parallels of 
latitude and the meridians of longitude of the Earth or a section 
of the Earth. These projections may range from the equatorial 
Mercator for a LORAN chart to the transverse Mercator for the 
polar region. Since the demand for variety in charts is so great 
and since the properties of the projections vary greatly, there is 
no one projection that will satisfy all the needs of contemporary 
navigation. The projection that most nearly answers all the 
navigator’s problems is the Lambert conformal, and this projec- 
tion is the one most widely used for aeronautical charts. 

Aeronautical charts, in their full range of projections, give 
worldwide coverage. Some single projections used for a single 
series of charts will cover nearly all the Earth. An aeronautical 
chart of some projection and scale can be obtained for any 
portion of the Earth. The accuracy of the information displayed 
on these charts will vary but, generally speaking, worldwide 
aeronautical charts in use today are very accurate representa- 
tions of the Earth’s surface. 


Scale 


Obviously, charts are much smaller than the area which they 
represent. The ratio between any given unit of length on a chart 
and the true distance it represents on the Earth is the scale of the 
chart. The scale may be relatively uniform over the whole chart, 
or it may vary greatly from one part of the chart to another. 
Charts are made to various scales for different purposes. If a 
chart is to show the whole world and yet not be too large, it must 
be drawn to small scale. If a chart is to show much detail, it must 
be drawn to a large scale; then it shows a smaller area than does a 
chart of the same size drawn to a small scale. Remember: large 
area, small scale; small area, large scale. 

The scale of a chart may be given by a simple statement, such 
as, ‘‘l inch equals 10 miles.’’ This, of course, means that a 
distance of 10 miles on the Earth’s surface is shown | inch long 
on the chart. On aeronautical charts, the scale is indicated in one 
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To obtain the convergence factor required for determination of heading information: 
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A. Place pencil point on geographic location for which heading information is to be determined. 


B. Note correction factor lines indicating 2 degree interval of correction annotated in green. 
C. Interpret correction factor to closest 4 degree. 
D. Grid Heading equols True Heading + W. longitude = correction factor. 
Grid Heading equals True Heading — E. longitude * correction factor. 
Figure 2-29. Transverse Mercator Convergence Graph. 
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Figure 2-30. Cylindrical Projections. 
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Figure 2-31. Conic Projection. 
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Figure 2-32. Azimuth Projections. 


AFM 51-40 


= 






ipie 
4 AD 4 
ul ' 
5! 


PRODUCTION 


APPEARANCE OF 
LINES ON CHARTS 





Figure 2-32 (con 


= 


tinu 


15 March 1983 


ed) 


tr oe Bee 





NOT CONFORMAL 


VARIABLE 


INCREASES AWAY 
FROM POINT OF TANGENCY 


VARIABLE ANGLE 
CURVED LINES 


UNEQUALLY SPACED 


STRAIGHT LINES | 
CONVERGING AT THE POLE 


LTS 
PET 


VARIABLE ANGLE 
(Great Circle) 


2-21 


_ EQUATORIAL GNOMONIC 


NOT CONFORMAL 


VARIABLE 


INCREASES AWAY 
FROM CENTER OF PROJECTION 


VARIABLE ANGLE 


CURVED LINES 
UNEQUALLY SPACED 


STRAIGHT PARALLEL LINES 
UNEQUALLY SPACED 


f 


a 





aut 
oi 


GRAPHIC OR MATHEMATICAL 


FROM CENTER OF SPHERE 


EQUATOR 
(Meridian variable) 


CONSTANT ANGLE 
(Great Circle) 





STRAIGHT LINE STRAIGHT LINE 


CURVED LINE 


GREAT CIRCLE NAVIGATION 
AND PLANNING 


CURVED LINE 





GREAT CIRCLE NAVIGATION 
AND PLANNING 





2-22 


of two ways—representative fraction or graphic scale. 

Representative Fraction. The scale may be given as a repre- 
sentative fraction, such as 1:500,000 or 1/500,000. This means 
that one of any unit on the chart represents 500,000 of the same 
unit on the Earth. For example, | inch on the chart represents 
500,000 of the same unit on the Earth. 

A representative fraction can be converted into a statement of 
miles to the inch. Thus, if the scale is 1:1 ,000,000, | inch on the 
chart stands for | ,000,000 inches or | ,000,000 divided by (6080 
x 12) equaling about 13.7 NM. Similarly, if the scale is 
1:500,000, 1 inch on the chart represents about 6.85 NM. Thus, 
the larger the denominator of the representative fraction, the 
smaller the scale. 

Graphic Scale. The graphic scale may be shown by a gradu- 
ated line. It usually is found printed along the border of a chart. 
Take a measurement on the chart and compare it with the graphic 
scale of miles. The number of miles that the measurement 
represents on the Earth may be read directly from the graphic 
scale on the chart. 

The distance between parallels of latitude also provides a 
convenient scale for distance measurement. As shown in figure 
2-33, 1 degree of latitude always equals 60 nautical miles and | 
minute of latitude equals | nautical mile. 


DOD Aeronautical Charts and Flii |ht Information Pub- 
lications 


The following publications are available to pilots and naviga- 
tors in base operations offices, flight planning rooms, and other 
locations where aeronautical charts are issued or where flight 
planning takes place. 

DOD Catalog of Aeronautical Charts and Flight Information 
Publications. This catalog provides information on the latest 


i 
aes 








Figure 2-33. Latitude Provides a Convenient 
Graphic Scale. 
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aeronautical cartographic products produced and distributed by 
the Defense Mapping Agency Aerospace Center (DMAAC) and 
the Defense Mapping Agency Hydrographic Center (DMAHC). 
A brief description of each series or type of chart listed in this 
catalog is presented with the appropriate index or listing. Chart 
samples are given for each series indexed in sections IV, V, and 
VI. The DOD Catalog is divided into the following sections: 


Section 1. General Information. The overall purpose of this 
section is to acquaint users with information within the catalog. 
It also provides basic information on projections and a variety of 
other basic cartographic data. 

Section II. Requisitioning and Distribution Procedures. 
¢ General Procedures. A detailed description of procedures to 
follow in normal requisitioning of charts and publications by 
USAF activities and other authorized agencies. This section 
contains samples of requisitioning forms and charts depicting 
areas of distribution and defines responsibilities for issuance and 
procurement of charts and publications. 
¢ Uniform Material Movement and Issue Priority System 
(UMMIPS). A detailed description of the priority system to 
follow when requisitioning charts and publications. 

Section III. Flight Information Publications (FLIP). These 
publications consist of that textual and graphic information 
required to plan and conduct an IFR flight. The FLIP is sepa- 
rated into three basic categories corresponding to phases of 
flight as follows: 
¢ Planning. Complete description of (1) Flight Information Pub- 
lication Planning Document which includes Planning Data and 
Procedures; Military Training Routes, United States; Interna- 
tional Rules and Procedures and Regulations, (2) FLIP Planning 
Charts, and (3) Foreign Clearance Guide. 
¢ En route. A complete listing of DOD En route charts and. 
supplements covering United States, Alaska, Canada, and 
North Atlantic, Caribbean and South America, Europe and 
North Africa, Africa and Southwest Asia, Australia, New Zea- 
land, Antarctica, the Pacific and Southeast Asia; TACAN facil- 
ity chart coverage of Alaska also included. 
¢ Terminal. Describes the DOD publications which contain 
approved low and high altitude instrument approach procedures 
and aerodrome sketches. 

Section IV. Navigational Charts. This section contains a 
general description of the scale, code, projection, size, purpose, 
cartographic style, and information shown on navigational 
charts. They are grouped in three categories: general purpose, 
special purpose, and plotting charts. 

Section V. General Planning. This section contains a general 
description of the scale, code, projection, size, purpose, style, 
and information shown on all charts used for planning refer- 
ences and wall displays. 

Section VI. Special Purpose. This section outlines all requis- 
tioning procedures for the special purpose charts along with a 
brief description of their purpose. 


Aeronautical Chart Currency and Updating 
Information 


DOD Bulletin Digest. This document is published semi- — 
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annually in both classified and unclassified versions. It provides 
a complete cumulative listing of current chart editions available 
for distributions of users. Information available in these dou- 
ments (within each chart series) is the chart number, current 
edition, and date of edition. 

DOD Bulletin. This document is published monthly in both 
classified and unclassified versions. It provides a listing of the 
availability of new aeronautical charts, new editions of pre- 
viously published charts, discontinued charts, miscellaneous 
ICAO and FAA publications and amendments, requisitioning 
information, and charts scheduled for completion. This docu- 
ment supplements the Bulletin Digest. 

DOD Chart Updating Manual (CHUM). This document is 
published monthly in both classified and unclassified versions. 
It lists, for each current chart edition, corrections and additions 
which could affect flying safety. The unclassified CHUM 
should be found in all flight planning rooms. The additions and 
corrections listed for the appropriate charts should be checked 
and the applicable ones annotated on the charts. 
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Figure 2-34. Sample Chart Legend. 
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Types of Charts. Aeronautical charts are differentiated on a 
functional basis by the type of information they contain. 
Navigation charts are grouped into three major types: general 
purpose, special purpose, and plotting. The name of the chart is 
a reasonable indication of its intended use. Thus, a Consol Chart 
has information needed by the navigator to use Consol as a 
navigation aid; a Minimal Flight Planning Chart is primarily 
used in minimal flight planning techniques; and a Jet Navigation 
Chart has properties that make it adaptable to the speed, altitude, 
and instrumentation of jet aircraft. In addition to the specific 
type of information contained, charts vary according to the 
amount of information displayed. Charts designed to facilitate 
the planning of long distance flight carry less detail than those 
required for navigation en route. Local charts present great 
detail. 


Chart Symbols 


Standard Symbols. Symbols are used for easy identification 
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Figure 2-35. Contour Lines. 


of information portrayed on aeronautical charts. While these 
symbols may vary slightly between various projections, the 
amount of variance is slight and once the basic symbol is 
understood, variations of it are easy to identify. A chart legend is 
the key which explains the meaning of the relief, culture, hydro- 
graphy, vegetation, and aeronautical symbols, as shown in 
figure 2-34. 

Relief (Hypsography). Chart relief shows the physical tea- 
tures related to the differences in elevation of land surface. 
These include features such as mountains, hills, plateaus, 
plains, depressions, etc. Standard symbols and shading tech- 
niques are used in relief portrayal on charts: these include 
contours, spot elevations, variations in tint, and shading to 
represent shadows. 

Contour Lines. A contour is a line connecting points of equal 
elevation. Figure 2-35 shows the relationship between contour 
lines and terrain. Notice that on steep slopes the contours are 
close together and on gentle slopes they are farther apart. The 
interval of the contour lines usually depends upon the scale of 
the chart and the terrain depicted. In the illustration, the contour 
interval is 1,000 feet. Depression contours are regular contour 
lines with spurs or ticks added on the downslope side. 

Spot Elevations. Spot elevations are the height of a particular 
point of terrain above an established datum, usually sea level. 

Gradient Tints. The relief indicating by contours is further 
emphasized on charts by a system of gradient tints. They are 
used to designate areas within certain elevation ranges by differ- 
ent color tints. 

Shading. Perhaps the most obvious portrayal of relief is 
supplied by graduated shading applied to the ‘‘southeastern’’ 
side of elevated terrain and the *‘northwestern’’ side of depres- 
sions. This shading simulates the shadows cast by elevated 
features, lending a sharply defined. three-dimensional effect. 

Cultural Features. All structural developments appearing on 
the terrain are known as cultural features. Three main factors 


govern the amount of detail given to cultural features: (1) the 
scale of the chart, (2) the use of the chart, and (3) the geog- 
raphical area covered. Populated places, roads, railroads, in- 
Stallations, dams, bridges, and mines are some of the many 
kinds of cultural features portrayed on aeronautical charts. The 
true representative size and shape of larger cities and towns are 
shown. Standardized coded symbols and type sizes are used to 
represent the smaller population center. Some symbols denoting 
cultural features are usually keyed in a chart legend. However, 
some charts use pictorial symbols which are self-explanatory. 
These require no explanations in the legend. 

Hydrography. In this category, aeronautical charts portray 
oceans, coast lines, lakes, rivers, streams, swamps, reefs, and 
numerous other hydrographic features. Open water may be 
portrayed by tinting, by vignetting, or may be left blank. 

Vegetation. Vegetation is not shown on most small scale 
charts. Forests and wooded areas in certain parts of the world are 
portrayed on some medium scale charts. On some large scale 
charts, park areas, orchards, hedgerows, and vinyards are 
shown. Portrayal may be by solid tint, vignette, or sup- 
plemented vignette. 

Aeronautical Information. In the aeronautical category, 
coded chart symbols denote airfields, radio aids to navigation, 
commercial broadcasting stations. Air Defense Identification 
Zones (ADIZ), compulsory corridors, restricted airspace, warn- 
ing notes, lines of magnetic variation, and special navigational 
grids. Some aeronautical information is subject to frequent 
change. For economy of production, charts are retained in stock 
for various periods of time. So as not to provide the chart user 
with aeronautical information that is rapidly out of date, only the 
more ‘‘stable’’ type information is printed on navigation charts. 
Aeronautical type data subject to frequent change is provided 
the user by the DOD Flight Information Publications (FLIP) 
documents. Consult the DOD Flight Information Publications, 
Chart Updating Manual (CHUM), and Notices to Airmen 
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Scale and 
Coverage. Description 


Charts 4, 5,6 & 
7 transverse 
Mercator. All 
other Lambert 


1:2,000,000 
Northern 
Hemisphere 














0°-80° Lambert 
conformal conic 
80°-90° polar 
stereographic 


1:1,000,000 
World-wide 












Charts show all pertinent hydro- 
graphic and cultural features. Com- 
plete transportation network in 
areas surrounding cities. A maximum 
of radar-significant detail as re- 
quired for long range navigation 
and a suitable aeronautical informa- 
tion overprint including runway 
pattern. 







Charts show all types hydrographic 


and cultural features. All important 
navigation aids and air facilities are 
included. 








Purpose 


For preflight planning and enroute 
navigation by long range, high 
speed aircraft; for radar, celestial, 
and grid navigation. This series can 
also be used for navigation at me- 
dium speeds and altitudes. 


Standard series of aeronautical 
charts designed for military low alfti- 
tude navigation. Also used for plan- 
ning intelligence briefings, plotting, 









and wall displays. (Replaces WAC.) 



















0°-80° Lambert 
conformal conic 
80°-90° polar 
stereographic 


1:500,000 
World-wide 


To provide charts with detailed 
ground features significant to visual 
and radar low level navigation for 
immediate ground/chart orientation 
at predetermined checkpoints. 


Charts show all types hydrographic 
and cultural features. All important 
navigation aids and air facilities are 


included. 






















Latitude 84° N 
to 80° S, Trans- 
verse Mercator 

Latitude 84° to 
90° N and 80° 
to 90° S, Polar- 
Stereographic 


1:250,000 
World-wide 


To provide Army, Navy, Air Force 
with a common large-scale graphic. 
Used for tactical air operations, 
close air support, interdiction by all 
aircraft at low and very low alfti- 
tudes. Used for preflight planning 
and inflight navigation for short 
range flights using DR and visual 
pilotage. Also used for operational 
planning and intelligence briefing. 


Charts show all types hydrographic 
and cultural features. All important 
navigation aids and air facilities are 
included. 


























Long range flight planning and elec- 
tronic navigation. 


Show land areas in subdued tone. 
Consol, Loran and radio aids are 
emphasized. 


1:2,000,000 
Northern 

Europe and 
Aretie 


Transverse 
Mercator and 
Lambert con- 
formal conie 





















1:2,188,800 
World-wide 
with relating 

Arctic coverage 


Basic long range air navigation plot- 
ting series designed primarily for 
use in larger aircraft. 


Charts contain essential topograph- 
ical, hydrographical, and aeronauti- 
cal information. Primary roads and 
railroads are shown. 


Mercator, except 
Antarctic-Polar 
Stereographic 













1:2,188,800 
World-wide 
with relating 

Aretic coverage 


Basic long range Loran air naviga- 
tion, designed primarily for over 
water. 


Contain essential topographical, hy- 
drographical, and aeronautical in- 
formation. Roads and railroads not 
shown. Land areas are tinted. 





















Mercator 1:750,000 to 
1:4,000,000 


Special areas 


Charts show essential hydrographic | Designed for general air navigation. 
and cultural features. Roads and 
major railroads are shown. Impor- 


tant air facilities included. 













Series of plotting charts suitable for 
accurate tracking of aircraft by elec- 
tronic devices and small scale plot- 
ting charts for accurate great circle 
courses. 


Majority are 2-color outline charts 
with blue for graticule and buff for 
all land areas. Majority of charts 
are overprinted with special airways 
and alr communication services. 


Various scales 
From North 
Pole to 
approximately 
40° South 
Latitude 
















Figure 2-36. Summary of Typical Charts. 
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Name and 
Code 
Continental Lambert con- 1:2,000,000 
Entry Charts formal conic East and West | raphy. 
Coasts of U.S. 


CEC 



































USAF Loran-C Transverse 1:3,000,000 
Navigation North Polar 
Charts areas 
“LCC 
USAF Global Polar Chart — 1:5,000,000 
Loran Transverse World-wide 
Navigation Mercator 
Charts Lower Lati- 
GLC tudes — Lambert 
conformal conic 
USN / USAF 1:2,187,400 
Plotting Sheets 70° North to 
VP 30 70° South 
Latitude 
USAF Global Polar Chart — 1:5,000,000 





Navigation and Transverse World-wide 
Planning Charts Mercator 
GNC Lower Lati- 


tudes — Lambert 
conformal conic 


Figure 2-36 (continued) 


(NOTAMS) for the most current air information and (or) chart 
information. 


Requisitioning of Charts and Flight Information 


Show principal cities and hydrog- 
Show major aeronautical 
facilities and spot evaluations. 


Relief not shown. Show major cities 
and stable aeronautical information. 
Polar Grid overprint. 


Major cities and stable aeronautical 
information shown. No relief shown. 


Projection graticule only. 


Show spot evalautions, major cities, 
roads, principal hydrography, and 
stable aeronautical information. 













For Consolan and Loran navigation 
where a high degree of accuracy fs 
required for entry into the U.S. Also. 
suitable as a basic DR sheet and 
celestial navigation. 










For preflight and inflight long range 
navigation where Loran-C is the 
basic aid. 






For inflight long range navigation 
using Loran and Consol. 












To provide uncluttered universal 
plotting sheets of suitable scope for 
long range Dead Reckoning and 
Celestial navigation for selected 
bands of latitudes. 






Long distance operational planning. 
Also suitable for long range inflight 
navigation at high altitudes and 
speeds. 






MC&G product requirements through command channels to Air 


Force Intelligence Service (AFIS/INTB), Washington DC 


20330, in accordance with AFR 96-9. 


Air Force Commands designated as specified commands or 


Publications components of unified commands submit MC&G product re- 
quirements according to DMA directives and unified or speci- 


All aeronautical charts and flight information publications _ fied command instructions. Forward an information copy of the 


produced and distributed by the Defense Mapping Agency 
Aerospace Center (DMAAC) or any of its overseas flight in- 
formation offices are requisitioned in accordance with proce- 
dures outlined in section II of the DOD Catalogue of Aero- 
nautical Charts and Flight Information Publications. A sum- 
mary of the typical charts is found in figure 2-36. Requisitions 
should indicate item identification and terminology for each 
item requested as listed in the catalog. List aeronautical charts 
by series in numerical and (or) alphabetical sequence and Flight 
Information Publications by type (En route, Planning, Termi- 
nal), title, and geographic area of coverage. | 

When requisitioning, refer to the sample requisition shown in 
the DOD Catalog to expedite processing and prompt shipment 
of chart and flight information needs. 

The Air Force Intelligence Service is responsible for all Air 
Force Mapping, Charting, and Geodesy (MC&G) matters. 
Many times in the tactical operation of the Air Force, pilots and 
navigators need new or additional cartographic support in per- 
forming their navigational duties. The following information 
tells them how to submit requirements for developing or mod- 
ifying MC&G products. 

Air Force organizations, except those designated as specified 
commands or components of unified commands, submit their 


requirements to Air Force Intelligence Service (AFIS/INTB), 
Washington DC 20330. 

All Air Force organizations may contact the Defense Map- 
ping Agency Aerospace Center (DMAAC) or its squadrons and 
detachments for technical assistance in preparing statements of 
requirements. Addresses are listed in the DOD Catalog of Aero- 
nautical Charts and Flight Information Publications. 


POSITION REFERENCING SYSTEMS 


The spherical coordinate system of latitude and longitude 
sometimes proves difficult to use because its units of degrees, 
minutes, and seconds are not comparable to the normal units of 
surface measurement. Further, the geographic graticule is not 
printed in its entirety on most topographic maps. 

Consideration for the above factors led to the development of 
military grid systems in an effort to simplify and increase the 
accuracy of position referencing. As early as World War I, the 
French superimposed a military grid on maps of small areas in 
order to control artillery fire. After World War I, a number of 
nations followed the example of the French-devised military 
grid system for the use of their own military forces. 


| 
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Figure 2-37. Military Grid. 


Explanation of Terms 


- 


Military Grid. A military grid (figure 2-37) is composed of 
two series of equally spaced parallel lines perpendicular to each 
other. The grid is constructed by first establishing an origin. 
Next, perpendicular axes are drawn through the origin with one 
of them pointing to true north. North-south grid lines (eastings) 
and east-west grid lines (northings) are then drawn parallel and 
perpendicular, respectively, to the north-south axis. On military 
maps of scale 1:75,000 and larger, the distance between succes- 
Sive grid lines (grid interval) represents 1 ,000 meters (or yards) 
at the scale of the map. The military grid is superimposed on 
charts and maps to permit accurate identification of ground 








positions and to allow the computing or measuring of correct 
distances and directions from one point to another. The origin is 
assigned false values to avoid coordinates of negative value. 
Grid lines are identified by grid line values printed in two sizes 
of type in the margin at each end of the grid line. For referencing 
purposes, only the grid line values printed in the larger type size 
(principal digits), increased by any digits needed to express the 
reference to the desired degree of accuracy. are used. Grid line 
values increase from west to east and from south to north. 

Position Referencing System. A position referencing system 
is any system which permits the designation of a point or an area 
on the Earth’s surface, usually in terms of numbers or letters. or 
a combination thereof. 
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World Position Referencing System. References for points 
taken from charts or maps not gridded with a military grid are 
expressed as geographic coordinates in terms of latitude and 
longitude. 

Military Grid Reference System (MGRS). This is a position 
referencing system developed for use with the Universal Trans- 
verse Mercator (UTM) and Universal Polar Stereographic 
(UPS) grids. 

World Geographic Reference System (GEOREF). This is a 
referencing system sometimes employed by the Air Force in the 
control and direction of air forces engaged in operations not 
involving other military forces. 


General Information 
DOD Policy for Position Referencing. \t is possible for the 


practicing navigator to encounter any or all of the basic refer- 
ence systems discussed in this manual. The Department of 
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Defense policy for position referencing procedures for joint us 
by all the US military services establishes two position referenc 
ing systems for all joint operations as follows: 

1. The system of geographic coordinates expressed in lati 
tude and longitude. 

2. The Military Grid Reference System (MGRS) as de 
veloped for use with the UTM and UPS grids. 

Relationship of Military Grids to Map Projections. Becaus 
military grids are designed to permit accurate identification 0 
ground locations and the computation of distance and directiot 


from one point to another, and because all map projections have 


inherent distortion of scale and angles, it is essential that mili 
tary grids be superimposed upon projections having the leas 
distortion. Conformal projections selected by the Department of 
Defense as having the least distortion of scale and angles for 
large and medium scale mapping are the transverse Mercator 
and the polar stereographic. The military grid systems are ap- 
plied to aeronautical charts primarily for use in Air Force sup- 
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Figure 2-38. Designation of UTM Grid Zones. 
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m port of ground operations. The Air Force uses the Universal alphabetically from south to north, tying into the letters above in 

Transverse Mercator (UTM) from latitude 80°S to 84°N andthe __ the same zone. These principles are illustrated in figure 2-39. 
x Universal Polar Stereographic (UPS) from latitudes 84°N and The identification of any 100,000-meter square is determined 
80°S to the respective poles. The standard unit of measure used _ by reading (to the right) first its column letter (as N) and (then 


% with UTM and UPS grids is the meter. up) to its row letter (as L) giving NL 25 in figure 2-40. 
Under this system, a 100,000-meter square identification 


usually is not repeated within 18° in any direction. This normally 
eliminates the necessity within such distance for preceding grid 


i General Description. The Military Grid Reference System is references with the Grid Zone Designation eat though the 
report is being made from as many as two grid zones away. 


designed for use with the UTM and UPS grids. ce ; oon 
The world is divided into large, regularly shaped geographic | To prevent ambiguity of identifications along spheroid junc- 
t areas, each of which is given a unique identification, called the HONS: changes a the order of the row letters are saat be The 
£ Grid Zone Designation (GZD). These areas are subdivided into row alphabet is shifted l0 letters. Thus, the cea distance 
: 100,000-meter squares, based on the grid covering the area. between the same combination of letter identifiers is increased. 
4 Each square is identified by two letters called the 100,.000-meter 
i square identification. This identification is unique within the 
rk area covered by the GZD. Numerical references within the 
100 ,000-meter square are given to the desired accuracy in terms 
of the east (E) and north (N) grid coordinates for the point. 
Ordinarily, a reference keyed to a gridded map of any scale is 
made by giving the 100,000-meter square identification together 
with the numerical term. The GZD usually is prefixed to the 
' identification when references are made in more than one grid 
zone. 
: Grid Zone Designation for UTM Grids. Between 72° north 
' and 72° south, the globe is divided into areas 6° east-west by 8° 
y north-south. Between 72° north and 84°N (72° south and 80° 
' south) the bands‘are not always 6° wide. The columns (6° side) 
' are identified by the Universal Transverse Mercator (UTM) e 
| Zone numbers; i.e., Starting at the 180° meridian and proceeding Rs 
| easterly, the columns are numbered | through 60, consecutively eS 
(figure 2-38). The rows (8° high, except for the last which is 12° : 
high) are identified by letters; starting at 80° south and proceed- ee 
ing northerly to 84° north, the rows are lettered alphabetically C : 
through X with the letters I and O omitted. The grid zone 
designation is determined by reading to the right the column 
designation (as 32), then up the row designation (as T), to obtain 
32T (figure 2-38). 
100,000-Meter Square Identification for UTM Grids. Be- 


1) Military Grid Reference System 


Locating A Military Grid Reference 


A Miltary grid reference consists of a group of letters and 
numbers which indicate (1) the Grid Zone Designation. (2) the 
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tween 84° north and 80° south, grid zone areas are divided into *nu' cu’ ou 1 Te vw em ae at] as 

100,000-meter squares based on the UTM grid for the zone. “ . pie aes S ees ie 
Each column of squares is identified by a letter and each row of BM |S cn oni me a erate ay 
squares is identified by a letter (figure 2-39). Starting at 180° es gee! og toe a Sew vy ay ag wl fay be 
meridian and proceeding easterly along the equator for 18°, the i sae . et a | 
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100,000-meter column, including partial columns along grid 
junctions, are lettered alphabetically A through Z (with | and O 
omitted). This alphabet is repeated at 18° intervals. The 
100 ,000-meter rows are lettered alphabetically A through V (I 
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and O omitted) reading from south to north, with this partial rane oe ee el a 
alphabet being repeated every 2,000,000 meters. Normally, fae eee | Al ites ‘ ke 
every odd-numbered UTM zone has the alphabet of the cee be ee 
100 ,000-meter row letters beginning at the equator; the even- on Se oo ete a Cs cee a m4 
numbered UTM zones normally have the alphabet of the Bo] [ea ae a ow le a a ale Be it 

PES OORT: TE lean Ter RO eo BRE ed nh 


| 100,000-meter row letters beginning at the northing grid line 
500,000 meters south of the equator. This staggering lengthens 
the distance between 100,000-meter squares of the same identi- Figure 2-39. Designation of 100,000-Meter Squares, 
fication. Below the equator, 100,000 row letters also read UTM Grid. 
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35 


Figure 2-40. Identification of 100,000-Meter Square (NL) 
within UTM Zone 32T. 


100,000-meter square identification, and (3) the grid coordi- 
nates—the numerical references—of the point expressed to the 
desired accuracy. A reference is written as a continuous number 
without spaces, parentheses, dashes, or decimal points. Exam- 
ples: 
¢ 32TNL—Locating a point within a 100,000-meter square 
¢ 32TNL73—Locating a point within a 10,000-meter square 
¢ 32TNL7438—Locating a point within 1000 meters 
¢ 32TNL743385—Locating a point within 100 meters 

To satisfy special needs, a reference can be given to the 
nearest 10 meters and the nearest | meter. 

Examples: 
¢ 32TNL74343856—Locating a point within 10 meters 
¢ 32TNL7434238565—Locating a point within | meter 

Normally, all elements of a grid reference are not used. Those 
to be omitted depend upon the size of the area of activities, the 
proximity of a spheroid junction, and the scale of the map to 
which the reference is keyed (interval of grid lines). To give the 
position of a point, first give the grid zone designation, then the 
100 ,000-meter square, such as 32TNL. The designation 32TNL 
describes the 100,000-meter square (NL) that is located in the 6° 
by 8° grid zone, 32T. The origin of every 100,000-meter square 
is 0,0. To reference a point within a 100.000-meter square. give 


DESIGNATOR 10,000-METER SQUARE IDENTIFICATION 


gar [Wi { 70002 30565 
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Figure 2-41. Grid Coordinates 32TNL7434238565 
Identify a 1-Meter Square. 
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the grid coordinates of the point. The grid coordinates are 
designated by an even number of digits. The first half of this 
number, no matter how small or large, is the easting; the second 
half, the northing. The reference 32TNL7434238565 locates an 
object within a 1-meter square. The number 74342 is the easting 
(read to the right) coordinate, while 38565 is the northing (read 
up) coordinate which locates a point within a 1-meter square of 
the 100,000 meter square designated as NL and in grid zone 32T 
(figure 2-41). 

Sample Reference of UTM Grid. To illustrate the procedure 
for locating a point by the UTM grid system, a fictitious exam- 
ple point identified within a reference box accompanies each 
grid overprint as shown in figure 2-42. Using the sample refer- 
ence, the following procedure illustrates how to locate the point 
whose standard reference is: 32TNL7438. 
¢ 32T—identifies the 6° by 8° grid zone in which the point is 
located. 
¢ NL—identifies the 100,000-meter square in which the point Is 
located. 

* 74—The numbers 7 and 4 are both right reading, or easting 
figures. The first of these two digits (7) identifies the interval 
easting beyond which the point falls. The second digit (4) is 
estimated; it represents the value of the imaginary |,000-meter 
casting column which includes the point. 

¢ 38—The numbers 3 and 8 are both up reading, or northing 
figures. The 3 identifies the interval northing beyond which the 
point falls. Finally, the 8 defines the |,000-meter estimated 
northing required to complete the area dimensions of the sample 
reference point. 

Grid Zone Designation for UPS Grid. In the Universal Polar 
Stereographic (UPS) grid zone, the North Polar Area 1s divided 
into two parts by the 180° and 0° meridians. The half containing 
the west longitudes is given the grid zone designation Y; the half 
containing the east longitudes is given the grid zone designation 
Z. No numbers are used in conjunction with the letter to give a 
grid zone designation. 

Similarly, the South Polar Area is divided into two parts by 
the 0° and 180° meridians. The half containing the west longi- 
tude is identified as A; the half containing the east longitude is 
identified as B. No numbers are used in conjunction with the 
letter to give a grid zone designation. These divisions are illus- 
trated in figure 2-43. 

100,000-Meter Square Identification for UPS Grids. In the 
North Polar Area, the 180°—0° meridians coincide with an even 
100,000-meter vertical grid line and the 90°—90° meridians 
coincide with an even 100,000-meter horizontal grid line. Grid 
north is coincident with the 180° meridian from the Pole. In the 
half of the area identified by the Grid Zone Designation Y, the 
100,000-meter columns (these are at right angles to the 90°— 
90° meridians) are labeled R through Z alphabetically from left 
to right. In the half identified by the Grid Zone Designation Z, 
the 100,000-meter columns are labeled A through J alphabeti- 
cally from left to right; in this case, the letter | is omitted, and to 
avoid confusion with 100,000-meter squares in adjoining UTM 
zones, the letters, D, E, V and W are omitted. Starting at the 84° 
parallel and reading toward grid north, the 100,000-meter rows 
at right angles to the 180°—0O° meridians are alphabetically 
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Figure 2-42. Using UTM Grid System to locate a Point. 
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Figure 2-43. Designation of Universal Polar Stereographic (UPS) Grid Zone. 


labeled A through P (I and O omitted). The identification of a 
100,000-meter square consists of two letters determined by 
reading (right) its column letter and (up) its row letter (figure 
2-44). 

In the South Polar Area, a similar plan is followed, except that 
grid north is coincident with the 0° meridian from the pole. In the 
half of the area identified by the Grid Zone Designation A, the 
100,000-meter columns (these are at right angles to the 90°— 
90° meridians) are labeled J through Z alphabetically from left to 
right. In the half identified by the Grid Zone Designation B, the 
100,000-meter columns are labeled A through R alphabetically 
from left to right. In both cases, the letters I and O are omitted 
and, to avoid confusion with 100,000-meter squares in adjoin- 
ing UTM zones, the letters D, E, M, N, V, and W are also 
omitted. Starting at the 80° parallel and reading toward grid 
north, the 100,000-meter rows at right angles to the 180°—0° 
meridians are alphabetically labeled A through Z (I and O 
omitted). The identification of a 100,000-meter square consists 
of two letters determined by reading (right) its column letter and 
(up) to its row letter (figure 2-45). 


World Geographic Reference (GEOREF) System 


Development. The World Geographic Reference System was 
developed by the Air War College, Air University, as a world- 
wide geographic referencing system and is generally known by 
its short title ‘“GEOREF.”’ It makes use of the simplified system 
of always reading from left to right and. up, using a group of 
letters and numbers to locate a point, thus making the referenc- 
ing of a point much easier than using the geographic coordinates 
of latitude and longitude which require the giving of latitude in 
degrees, minutes, and seconds (north or south) and the longitude 
in degrees, minutes, and seconds (east or west). For example, to 
call in a reference to the nearest minute using geo-coordinates, it 
would be necessary to say, **60 degrees, 12 minutes north, but 
119 degrees 57 minutes east’’ as compared to a reference to the 
same point using the GEOREF system ‘‘VLAQS5712.’’ The 
possibility of error in communicating a reference is greatly 
reduced by the relatively simple GEOREF system. 

Composition. The GEOREF system is based on the normal 
longitude and latitude value *hat appear on all maps and charts. 


Instead of using a grid system of its own, as does the UTM grid 
and other military grids, the GEOREF system make use of the 
meridians and parallels that appear on the chart. Basically, this 
system defines the unit geographic area in which a specific point 
lies. It may be applied to any map or chart regardless of the type 
of projection. The GEOREF is read to the right and up in all 
cases. The point of origin is the 180th meridian and the South 
Pole. It extends to the right or eastward from the 180th meridian 
around the globe, 360° to the 180th meridian again. It extends 
upward or northward from the South Pole, 180° to the North 
Pole. 

Referencing. The GEOREF divides the Earth’s surface into 
quadrangles of longitude and latitude with a simple, brief, 
systematic code that gives positive identification to each quad- 
rangle. The system and identification codes include: 

Twenty-four longitudinal zones of 15° each, which are let- 
tered from A through Z (omitting I and O) eastward from the 
180th meridian. Twelve bands of latitude, each 15° wide, are 
lettered from A through M (omitting I) northward from the 
South Pole. This combination divides the Earth’s surface into 
288 basic 15° quadrangles, each identified by two letters. In 
local operations confined to a single chart or to a single 15° 
quadrangle, these letters may be dropped. On small scale charts, 
the letter designators are shown in large letters in the southwest 
comer of each 15° quadrangle. On larger scale charts, the 15° 
quadrangle designators are shown along the border. When the 
southwest corner of a 15° quadrangle falls in the chart area, the 
designators also are shown in the southwest corner of the quad- 
rangle. The worldwide breakdown is illustrated by figure 2-46. 

Each basic 15° quadrangle is divided into 15 lettered |-degree 
units eastward and 15 lettered |-degree units northward from A 
through Q (omitting I and O). Thus, two additional letters (four 
in all) identify any |-degree quadrangle in the world. Figure 
2-47 illustrates the alphabetical breakdown of a 15° quadrangle. 

Each |-degree quadrangle is divided into 60 numbered ** min- 
ute’” units eastward and northward. Thus, four letters and four 
figures identify a 1-minute quadrangle anywhere in the world. 
This breakdown permits location of a point within approximate- 
ly | nautical mile. This manner of numbering is used whenever 
the 1-degree quadrangle is located; it does not vary even though 
the location may be west of the Greenwich meridian or south of 
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2-33 
Figure 2-44, North Polar Area UPS Grid. 
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Figure 2-47. GEOREF 15° Quadrangle FJ Breakdown 
into 1° Units. 


the equator. The GEOREF minutes of longitude always increase 
from west to east, and the GEOREF minutes of latitude always 
increases from south to north. This is contrary to the geographic 
minutes of latitude in the Southern Hemisphere and the geog- 
raphic minutes of longitude in the Western Hemisphere. 

If references of greater accuracy than | minute are required, 
each 1-minute quadrangle may be further subdivided into deci- 
mal parts eastward and northward. Four letters and six figures 
define a location of 1/10th part of a minute; four letters and eight 
figures to 1/100th part of a minute, etc. 

A reference box is required on all charts overprinted by 
GEOREF. This box illustrates the standard reference proce- 
dures by a fictitious example (figure 2-48). 

Sample Reference. A GEOREF reference consists of all let- 
ters and number characters arranged in right and up reading 
order and in largest to smallest area sequence. References are 
Written and read as a continuous series of characters without 
spaces or punctuation. For example, FJQH1256 is the standard 
teference that identifies the southwest corner of the town of 
Potosi, Missouri. The procedure for locating this point, shown 


WORLD GEOGRAPHIC ‘REFERENCE SYSTEM (BLUE) 


|_ SAMPLE AREA: Fictinious |]  JOREFERENCETOWITHINONE MINUTE ss 
MPLE POINT: VILLAGE 





Read GEOREF values from left to right 
and from bottom to top. 
Read letters identifying basic 15° 
quadrangle in which the point lies: 
Read letters identifying 1° 
quadrangle in which the point lies: 


. Locate first MINUTE tick of LONGITUDE 
to LEFT of point and determine GEOREF 
value: 

. Locate first MINUTE tick of LATITUDE 
BELOW point and determine GEOREF 
value: 


Figure 2-48. GEOREF Simple Reference. 





Figure 2-49. 


To locate FJQH 1256, Interpolate for 12 
and 56. 


in figure 2-49, is as follows: 

¢ FJ—identifies the basic 15° quadrangle in which the point 
lies. 

* QH—identifies the 1° quadrangle in which the point lies. 

¢ |2—identifies the first minute of longitude to left of the point. 
(This value is read from left to right.) 

¢ 56—identifies the first minute of latitude below the point. 
(this value is read from bottom to top.) 

Special Referencing Problems. \n addition to making basic 
area references, it is often necessary in air operations to indicate 
large area and altitude. Adaptations of the World Geographic 
Reference System with respect to these requirements follow. 

To designate a rectangular or square area other than the basic 
area referred to in the World Geographic Reference System, the 
following procedure is used: 

1. Read the GEOREF coordinates of the southwest corner of 
the area. 

2. Immediately following the GEOREF coordinates, add the 
letter **S’’ denoting “‘side.”’ 

3. Add digits defining the west to east extent of the area in 
nautical miles. 

4. Add the letter ‘“‘X*’ denoting *‘multiplied by.’ 

5. Add digits defining the south to north extent of the area in 
nautical miles. 

6. The designation of the rectangular area in figure 2-50 is 
EJQK2015S10X12. 

To designate a circular area, reference its center by normal 
GEOREF coordinates, add the letter **R*’ denoting ‘‘radius’”’ 
and digits defining the radius in nautical miles. Thus, the desig- 
nation of the circular area in figure 2-50 1s EJQK4550R12. 

An altitude reference is designated by the letter *‘H** denoting 





Figure 2-50. Examples of GEOREF Coordinates. 
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‘‘height’’ followed by digits, such as *‘H10.”’ Two digits indi- 
cate thousands of feet, the most common reference. Should | 
greater precision be required, use three digits to indicate hun- 
dreds, four digits to indicate tens, and five digits to indicate units 
of feet. 

To designate Greenwich time, the letter ‘‘Z’’ is used, fol- 
lowed by two or four digits representing hours or hours and 
minutes of the 24-hour clock. 


SUMMARY 


The UTM, UPS, and GEOREF systems are all designed to 
facilitate location of definite points on the Earth’s surface. They 
are used primarily when other conventional systems are difficult 
to use. 

The various grid systems used for position location should not 
be confused with the grid directional system. Grid directional 
overlays are used in polar navigation. The primary purpose of a 
grid directional system is to establish a reference direction with 
regard to some point other than the North Pole. A full explana- 
tion of the construction and use of the grid directional overlay is 
given in the chapter on Grid Navigation. 


sicieca Google 
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Chapter 3 


MISSION PLANNING 


Prior to boarding an aircraft, a navigator must thoroughly 
plan the mission. A well-planned mission will provide a profes- 
sional atmosphere in which safety and accomplishment of mis- 
sion objectives are enhanced. This chapter is devoted to the 
navigator’s mission planning. It begins with a discussion of air 
traffic control systems, followed by a brief description of pub- 
lications which a professional navigator should be familiar with. 
US military publications used for flight planning and in-flight 
purposes follow specific service publications; that is, Air Force 
and Navy. The bulk of this chapter is devoted to general mission 
planning considerations. All phases of ground planning are 
discussed, from chart selection to arrival study. Adequate mis- 
sion planning prior to flight can avoid unnecessary in-flight 
problems. 


AIR TRAFFIC CONTROL SYSTEMS 


General 


Most nations of the world today have established airspace, air 
traffic units, and air traffic services to promote a safe, orderly, 
and expeditious flow of traffic. Furthermore, in the interest of 
standardization, many nations are establishing systems in 
accordance with the standards and recommended practices 
adopted by the International Civil Aviation Organization 
(ICAO). Navigators must understand what these air traffic serv- 
ices are and how they can be used because military operations 
are directly affected by these services. 


Air Traffic Service 


Air traffic service is a general term used to mean any of the 
following services. 

Air Traffic Control. This is a service provided to aircraft by 
ground agencies to prevent collisions and to expedite and main- 
tain an orderly flow of traffic. Air traffic control includes such 
services as area and en route control, approach control, and 
tower control. It is used primarily under instrument flight rules 
(IFR). | 

Advisory Service. This service is provided to give air informa- 
tion useful for the safe and effective conduct of flight. This 
service is usually associated with the visual flight rules (VFR) 
environment and includes such services as weather conditions, 
location of known traffic, status of navigational aids, status of 
aerodromes and facilities, etc. 

Alerting Service. This is a service provided to notify appropri- 
ate organizations regarding aircraft in need of search and rescue 
aid and to assist such organizations as required. 


Airspace 


When it has been determined that air traffic services are to be 
provided, portions of the airspace are designed in relation to the 
air traffic services that are required. Some of the more important 
divisions of the airspace follow. 

Controlled Airspace. This is airspace of defined dimensions 
within which air traffic control service is provided. 

Airway. This is controlled airspace established in the form of 
a corridor defined by radio navigation aids. 

Advisory Route. This is uncontrolled airspace similar to an 
airway along which air traffic advisory service is available. 
Advisory service provides separation or control from other 
known traffic. | 

Control Zone. This is controlled airspace extending upward 
from the surface of the Earth. Normally, these zones are circular 
areas surrounding one or more aerodomes. 

Flight Information Regions (FIR). This is an airspace of 
defined dimensions within which Advisory Service and Alerting 
Service are available. The FIR is the basic breakdown of the 
ICAO Regions. Also, portions of the FIR may contain con- 
trolled airspace. Some countries have established Upper In- 
formation Regions (UIR) for their high altitude airway systems. 
When the UIR is implemented, it exists above the FIR. 

Positive Control Area (PCA.) This includes all airspace in the 
United States, from 18,000 feet MSL to FL600. Only IFR 
flights are conducted in this area. All VFR activities, including 
climbs, descents, and VFR-on-top operations on IFR flight 
plans are prohibited within a PCA. All aircraft operating within 
a PCA must have radio equipment capable of maintaining pilot- 
controller contact, applicable navigation aids, and have a coded 
transponder with a mode-3 capability. 

Terminal Control Area (TCA). This is the airspace designed in 
the vicinity of certain major terminal areas. All aircraft operat- 
ing within a TCA are subject to air traffic control. 


Air Traffic Service Units 


These are the units which provide the air traffic service within 
defined airspace. 

Air Route Traffic Control Centers (ARTCC). This facility 
provides air traffic control to IFR flights within controlled 
airspace. 

Approach Control. This facility provides air traffic control to 
aircraft arriving at or departing from one or more aerodromes. 

Aerodrome Control Tower. This facility provides air traffic 
control service for aerodrome traffic. 





3-2 


Flight Service Station (FSS). This facility is operated by the 
FAA to provide flight assistance service. 


International Civil Aviation Organization (ICAO) 


In order to establish international rules for air traffic control, 
the International Civil Aviation Organization was formed in 
April 1947. ICAO is affiliated with the United Nations as a 
specialized international body dealing with aviation matters. 

The member states (refer to FLIP General Planning) of the 
International Civil Aviation Organization subscribe to ICAO 
rules and procedures. These rules and procedures are used 
except for national deviations which are usually filed with 
ICAO. Since standardization in ICAO is based upon the same 
technical principles and policies which are in actual effect in the 
continental US, American airmen can fly all major routes fol- 
lowing the same general rules of the air, using the same naviga- 
tion equipment and communications practices and procedures, 
and being governed by the same traffic control service with 
which they are familiar at home. 

The policy of the Department of Defense is to support activi- 
ties of the International Civil Aviation Organization in an 
attempt to standardize air facilities, services, procedures, and 
practices. This standardization involves rules of the air, air 
traffic control, search and rescue, communications and naviga- 
tional aids, maps and charts, flight information publications, 
meteorology, aerodromes, and visual aids. Nations may adopt 
the ICAO standards, change them slightly, or not adopt them at 
all. What each nation does about ICAO standards consitutes that 
nation’s rules of the air. US military crews must comply with the 
national rules of the foreign state being overflown. Therefore, 
when the provisions of AFR 60-16 (Air Force) or OPNAVINST 
3710.7 (Navy) conflict with the national rules of a foreign 
nation, the national rules apply. However, when the provisions 
of these regulations do not conflict with, but are more restrictive 
than the national rules, AFR 60-16 (Air Force) or OPNAVINST 
3710.7 (Navy) will apply. As a general policy, in international 
airspace over the high seas, Air Force and Naval air operations 
are conducted in accordance with ICAO standards and recom- 
mended practices—military mission permitting. 

US military aircraft flying over a foreign country which is not 
a contracting state of ICAO must comply with the national 
practices of that country and any special provisions of the 
bilateral agreements the US may have with that country. In the 
absence of any national practice or bilateral agreements gov- 
eming rules of the air, the ICAO rules and procedures are 
followed. 


Federal Aviation Administration (FAA) 


The United States is a member of ICAO and follows ICAO 
standards. Deviations from ICAO standards are filed with 
ICAO. The Federal Aviation Administation is responsible for 
air traffic services in the United States and its possessions in 
accordance with the Federal Aviation Act of 1958 which con- 
solidated all air traffic regulatory agencies under the control of 
the FAA. Following are some of the responsibilities of the FAA. 
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¢ Operates the air traffic control system within the US airspace. 
e Establishes and assures compliance with the Federal Aviation 
Regulations (FARs) which are binding on the entire aviation 
community. 

¢ Issues licenses to aircrew members, maintenance personnel, 
and control tower operators. 

e Investigates aircraft accidents. 

¢ Maintains communication stations and navigational aids. 

¢ Flight checks navigational aids. 


AIR FORCE PUBLICATIONS 


The Air Force uses many publications to give direction, offer 
guidance, explain policy, etc., to Air Force personnel. The 
publications include Air Force letters, manuals, pamphlets, 
regulations, and visual aids. Among the publications which are 
of primary interest to Air Force navigators are the following: 
¢ Flying Training—S1 Series. These include such subjects as air 
navigation, instrument flying, etc. 
¢ Operations—S55 Series. These include such subjects as air-’ 
field management and base operations, NOTAMs, overdue air- 
craft, etc. 
¢ Flying—60 Series. All subjects in this series directly concern 
rated personnel. They include general flight rules, air traffic 
control procedures, etc. 
¢ Safety—127 Series. These include such subjects as investi- 
gating and reporting US Air Force mishaps, etc. 

Air Force navigators should become thoroughly familiar with 
all flying publications provided by the Air Force. AFR 96-9 is of 
special interest to navigators. This regulation provides guidance 
on the submission of mapping, charting, and geodetic (MC&G) 
product requirements, and explains that the Defense Mapping 
Agency Aerospace Center (DMAAC) is available for technical 
assistance in defining cartographic requirements. 


NAVY PUBLICATIONS 


The United States Navy has many publications, regulations, 
and manuals that govern aviation to promote safety and an 
optimum readiness. The following publications are the primary 
references for naval flight operations. 
¢ NATOPS (Naval Air Training and Operating Procedures Stan- 
dardization Program) Manuals. These manuals, specific for 
each aircraft in the naval inventory and specific for each crew 
position, denote emergency and safety procedures, specific 
mission mechanics and responsibilities, as well as detailed air- 
craft hardware and software descriptions. 
¢ OPNAVINST 3710.7 (series). This manual is the **general”’ 
NATOPS manual and includes such subjects as aviation operat- 
ing policies, flight rules, safety, annual flight performance 
requirements, and classification and qualification of flight per- 
sonnel. 
¢ OPORDER 201 (series). These manuals, generally classified, 
are published by the various Navy commanders. They describe 
specific operational activities, procedures, and objectives. 
Search and rescue, communications, and mission procedures 
are contained in these publications. 


oe 
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US MILITARY PUBLICATIONS 
Foreign Clearance Guide (FCG). 


The Foreign Clearance Guide, published by the US Air 
Force, is used by all US military personnel traveling abroad. 
The FCG provides information on all foreign nations, US pos- 
sessions, and US-controlled or administered areas outside 
CONUS. This information covers: 

e Aircraft diplomatic clearances and advance notice require- 
ments 

e Personnel clearance and entrance requirements 

e Special restrictions and precautions 

¢ General briefing information 

e Material clearance requirements. Additionally the FCG cov- 
ers requirements of international agencies, unified and specified 
commands, command activities exercising command preroga- 
tives, joint missions, and advisory groups. 


Flight Information Publications (FLIP) 


. | Complete aeronautical information conceming air traffic sys- 
tems is published in the Flight Information Publications (FLIP). 
The Department of Defense, the primary user, has directed that 
FLIPs be published covering the entire free world area. Pub- 
lished by the Defense Mapping Agency Aerospace Center, the 
FLIP program is divided into three separate phases of flight— 
flight planning, en route operations, and terminal operations. 
The en route and terminal phase publications have been divided 
into seven separate areas. These areas are: 
1. United States 
2. Alaska 
. Canada and the North Atlantic 
. Caribbean and South America 
. Europe, North Afnca, and the Middle East 
. Africa 
. Pacific, Australasia, and Antarctica 
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Flight Planning 


General Planning Document (GP). Published every 24 
weeks, the General Planning Document contains information on 
terms, NOTAM code, airspace divisions, DD Forms 175 and 
180] , United States and ICAO procedures, ICAO organization, 
time signals, meteorological data, conversion tables, LORAN 
chart coverage, and the FLIP program. The GP is used for 
planning purposes only and is seldom carried aboard aircraft. 
The first section of the FLIP Planning Document will contain the 
GP. 


Area Planning Documents (AP/1, 2, and 3). Area Planning 
Documents, located behind the General Planning Document in 
the FLIP Planning Document binder, contain planning and 
procedure information for a specific geographical area. Area 
Planning Documents 1, 2, and 3 are respectively North and 

Area Planning Documents (AP/1A, 2A, and 3A). Located 
behind their respective Area Planning Documents, these pub- 
lications contain a tabulation of all prohibited, restricted, dan- 
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dures, FIR/UIR procedures, and finally into National Sup- 
plementary procedures. To find a specific rule of procedure for a 
flight, start with the national procedures and work backwards up 
through theater notices; if a satisfactory answer is not found in 
the AP, look in the General Planning Document, chapter 6, 
ICAO procedures. 

Area Planning Documents (AP/IA, 2A, and 3A). Located 
behind their respective Area Planning Documents, these pub- 
lications contain a tabulation of all prohibited, restricted, dan- 
ger, warning, and alert areas. In addition it contains intensive 
student jet training areas, military training areas, and known 
parachute jumping areas within their specific geographical area. 

Area Planning (AP/1B). Located behind AP/1A in the FLIP 
Planning Document, it contains information relative to military 
training routes in North and South America, including IFR and 
VFR Military Training routes. 

Planning Change Notices (PCNs). These are in textual form 
and are used to update the FLIP Planning Document. 


En Route Operations 


FLIP En Route Charts. Charts portray airway systems, radio 
aids to navigation, aerodromes, airspace divisions, and other 
aeronautical data for IFR operations. FLIP EnRoute Charts are 
divided into high altitude (18,000 ft MSL through FL450) for 
use in the jet route system, and low altitude (1,200 ft above the 
surface up to but not including 18,000 ft MSL) for use in the 
airway systems. Packets of low and high altitude charts are 
available for the seven geographic areas; such as, USA, Alaska, 
Canada and North Atlantic; Caribbean and South America; 
Europe, North Africa and the Middle East; Africa; and Pacific, 
Australasia and Antarctica. 

FLIP En Route Supplements. One is published for each of the 
seven geographical areas. Each supplement contains an aero- 
drome/facility directory, en route procedures, special notices, 
and other textual data required to support en route charts. In the 
United States, there are two supplements. One supplement is 
designed for IFR operations and contains IFR aerodrome and 
facility directory, special notices, and procedures required to 
support the en route and area charts. The other supplement is 
designed for VFR operations and contains a listing of selected 
VFR aerodromes with sketches and an IFR/VFR city and aero- 
drome cross-reference listing. 

In all other FLIP areas, aerodrome sketches are published for 
a limited number of selected aerodromes and are provided with a 
separate section of the En Route Supplement. Aerodrome sketch 
details include aerodrome identification, city name, distance 
and direction, and elevation as well as a diagram of each 
aerodrome. 

Area and Terminal Area Charts. These charts are large-scale 
graphics of selected terminal areas. In the United States, area 
charts are provided primarily as area enlargements; in foreign 
areas, the terminal area charts are published primarily to provide 
arrival and departure routings. The area and terminal charts are 
printed on the same size sheet as the en route charts (that is, the 
terminal or area sheet contains several terminal or area charts) 
and are distributed with the En Route FLIPs. 
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Terminal 


FLIP Terminal-Instrument Approach Procedure Plates. Di- 
vided into low altitude approaches (approaches initiated below 
18,000 ft MSL) and high altitude approaches (approaches initi- 
ated normally at or above 18,000 ft MSL; such as high perform- 
ance aircraft) they contain the approved instrument approach 
procedures for which a DOD requirement has been established. 
Each instrument approach procedure shows an aerodrome 
sketch with additional data as deemed necessary for an approach 
under IFR conditions. 


The Caribbean and South America volumes contain departure 
procedures as well as approach procedures. The number of 
volumes vary in each area depending on the number of required 
approach procedures. The booklets are divided into low and 
high altitude booklets in all areas except Pacific, Australasia, 
Antarctica, Africa, and Alaska where high and low altitude 
approaches are contained in one volume. 


MANs (Military Aviation Notices). MANs contain revisions 
to approach procedures and are published normally at the mid- 
point of the FLIP Terminal booklets. The changes may be in 
textual form or graphic. In the US area, MANSs revise only the 
low altitude approaches; however, in the Europe, North Africa, 
Middle East area and Pacific, Australasia and Antarctica areas 
MANS revise both low and high altitude approaches. In the other 
four FLIP areas, MANS are not published and NOTAMs must be 
consulted for changes to approach procedures. 


SIDs (Standard Instrument Departure). Published as 
looseleaf booklets for individual bases, they depict standard IFR 
departures. In the Alaska area and Pacific, Australasia and 
Antartica area, the FLIP Terminal booklets may contain the 
applicable SID. 


STARs (Standard Terminal Arrival Routes). Containing pre- 
planned IFR air traffic control arrival routes, STARs are pub- 
lished for pilots use in graphic and (or) textual form. STARs 
provide transition from the en route structure to a fix or point 
from which an approach can be made. 

In Alaska area and Pacific, Australasia and Antarctica area, 
STARs information is contained in the FLIP Terminal booklets. 
In the US, STARs are published in a bound booklet. 


NOTAMs (Notice to Airman). A NOTAM is a message requir- 
ing expeditious and wide dissemination by telecommunication 
means. NOTAMs provide information which is essential to all 
personnel concerned with flight operations. NOTAM informa- 
tion is normally in the form of abbreviations or a ‘‘NOTAM 
Code.’’ The General Planning Document contains an 
alphabetical list of these abbreviations. 


FLIGHT PLANNING 


In the air, there is little time for lengthy processes of reason- 
ing. Decisions must be made quickly and accurately; therefore, 
careful planning is essential to any flight. A smooth, successful 
flight requires a careful step-by-step plan which can be followed 
from takeoff to landing. 
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Route Determination 


When planning a route to be flown, many factors enter intc 
consideration. The route may be dictated by operational req 


both time and fall This, however, can be affected by s' 
things as airways routing, high terrain, and bad weather. Thi 
direction of prevailing winds can affect route selection since ne 
proper use of a jet stream often decreases total flying time, eve 
though a direct route is not flown. 


Chart Selection 


depends mainly on distance to be flown, dirapeedse methods of 
navigation, and chart accuracy. 

Total Distance to Fly. A great circle is the shortest distance — 
between two points. It is possible to save considerable distance 
by flying a great circle course, particularly on long-range mis- 

sions in polar latitudes. 

A straight line on a gnomonic chart represents a great circle 
course. One convenient method of flight planning a great circle 
course is to plot the entire route on a gnomonic chart, and then 
transfer coordinates to charts more appropriate for navigation as 
shown in figure 3-1. Select coordinates at intervals of approx- 
imately 300 nautical miles. Once the route is plotted on the 
navigation chart, record true courses and distances for each leg 
of the mission on the flight plan. 

Chart and Methods of Navigation. The method of navigation 
is determined by mission requirements and the area over which 


1. Drew course on Gnomonic chart. 
2. Eee Baines om Snemock: 5° ot SOON ape 





3. Transfer points to Mercator. 


Figure 3-1. Plotting Great Circle Course. 


hd 
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— CHARTS PRODUCED BY THE DEFENSE MAPPING AGENCY 
1501 AIR Joint Operations Graphics 1:250,000 

Sectional Aeronautical Charts 1:500,000 

PC Pilotage Charts (Small size) 1:500,000 
TPC Tactical Pilotage Charts 1:500,000 
ONC Operational Navigational Charts 1:1,000,000 
WAC World Aeronautical Charts 1: 1,000,000 
ASWPC Anti-Submarine Warfare Plotting Charts 1:1,166,612 
JNC Jet Navigation Charts 1:2,000,000 
JNU Universal Jet Navigation Charts 1:2,000,000 
CEC Continental Entry Charts 1:2,000,000 
JNCA Jet Navigation Charts 1:3,000,000 
LCC Loran C Navigation Charts 1:3,000,000 
GLC Global Loran Navigation Charts (Loran A) 1:5,000,000 
GLCC Global Loran Navigation Charts (Loran C) 1:5,000,000 
GNC Global Navigation Planning Charts 1:5,000,000 
NASC Antarctic Strip Charts Various 


Figure 3-2. Available Charts. 


the mission will progress. Select charts for the mission which 
are best-suited to the navigational techniques chosen. For exam- 
ple, radar missions require charts with representative returns for 
precision fixing; grid missions require charts with a grid over- 
lay; and LORAN charts are needed for overwater missions. 

When several navigation techniques are planned, it may be 
convenient to use separate charts for different navigation legs. 
The entire route might be plotted on a JN chart for premission 
briefing, reference, etc; the radar navigation legs plotted on an 
ONC chart to aid in precision fixing; and the target area plotted 
on a TPC chart for accurate target identification. 

Airspeed. The scale of charts used for navigation varies 
inversely with the speed of the aircraft. For example, JN charts 
have a small scale and contain features appropriate for high- 
speed navigation. Navigation at slower speeds requires large 
scale charts providing more detailed coverage. 

Chart Currency. The navigator should always insure that the 
chart to’ be used is the latest edition. The following listed 
documents, published by the Defense Mapping Agency 
(DMA), provide this information. 
¢ DOD Bulletin Digest. The digest is published semiannually 
and contains a listing of the current chart editions. 
¢ DOD Bulletin. The bulletin is published monthly to update the 
Bulletin Digest and to inform Air Force and Navy activities of 
the availability of new aeronautical charts and new editions of 
previously published charts. 
¢ DMA Aeronautical Chart Updating Manual (CHUM). The 
CHUM provides the latest chart correction information. The 
CHUM is published semiannually with monthly supplements 
and contains a cumulative listing of significant changes and 
additions to navigation and planning charts. A copy of the 


CHUM is maintained in each base operations. 

¢ NOTAMsS. Interim aeronautical flight information changes are 
disseminated by Notices to Airmen (NOTAMs), which are post- 
ed in each base operations until the change is provided in all 
pertinent Flight Information Publications (FLIPs). NOTAMs 
also provide the most current information on restrictions to 
flight, reliability of aerodrome facilities and services, en route 
hazards, radio aids, etc. 


AIRWAYS 


General 


Airways are corridors established by a national government 
within its airspace to facilitate the navigation and control of air 
traffic under IFR conditions. Usually, an airway is 10-statute 
miles wide and follows a route over the ground defined by radio 
navigational aids. 

Generally, there are many different airways within a country 
as evidenced by those established in the US. (Note that in the US 
as well as in other countries, there are two sets of airways; one 
for low altitudes and one for high altitudes.) To distinguish one 
airway from another, each has its own designator; such as V 
(low altitude), J (high altitude). These designators simplify the 
preparation of a flight plan and improve the communication 
between aircrews and air traffic controllers. 

Military aircrews are encouraged to use airways to simplify 
traffic control if the mission will permit. The most current and 
complete information on airways is contained in the DOD Flight 
Information Publications. There is much information included 
in these documents which has significant interest to navigators, 
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such as magnetic courses, distances, compulsory reporting Highest Obstruction 
points, frequencies, and call signs of radio aids to navigation. 
After the route has been determined, the navigator should 
Alternate Aerodrome then study the area surrounding the planned route and annotate 
the highest obstruction (terrain or cultural). The distance within 
This is an aerodrome where an aircraft intends to land if which the highest obstruction will be annotated will be in 
weather conditions prevent landing at scheduled destination. accordance with governing or local directives. The highest 
Occasionally, an aerodrome may also be identified as an alter- _ obstruction will be taken into consideration when determining 
nate for takeoff purposes. This is at the direction of a major the minimum en route altitude (MEA) and in emergency proce- 
command which authorizes the use of lower minimums for — dures discussion. 
takeoff than for landing. The conditions under which an alter- 
nate aerodrome must be selected and when it will be used are Special Use Airspace 
established by the Air Force in AFR 60-16 and by the Navy in 


OPNAV 3710.7 (series) instructions. In determining the route, the locations of special use airspace 
will have to be considered. The best place to find the locations of 
Emergency Aerodromes the areas is by checking an en route chart. After the route is 


determined, any special use airspace that may be close enough 
During flight planning. select certain aerodromes along the to the route of flight to cause concern (as per governing direc- 
planned flight route as possible emergency landing areas: then _ tives) should be annotated on the chart with pertinent informa- 
annotate these aerodromes on the charts for quick reference. tion such as time and days of operation, effective altitudes, and 
Consider the following factors when selecting an emergency any restriction applicable to that area. These areas, when anno- 
aerodrome: type of aircraft, weather conditions, runway length. _ tated on the chart, will assist the navigator with in-flight mission 
runway weight-bearing capacity, runway lighting. and radio changes and prevent planning a route of flight that cannot be 
navigational aids. The NOTAMs for these aerodromes shouldbe _ flown. 
checked prior to flight. 
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Figure 3-3. Typical Air Force Flight Plan. 
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Figure 3-4. Typical Navy Flight Plan. 


FLIGHT PLAN a 

To meet specialized operational requirements, each com- 
mand prescribes and issues its own navigator’s logs. 

The complete flight plan forms shown in figures 3-3 and 3-4 
are typical flight plans. There are only slight differences in the 
flight plan columns; the main differences are in the *‘Time and 
Fuel Analysis’’ sections. The headings and columns on the 
forms are self-explanatory. 

Computer flight plans are available, time permitting. Weather 
and route data are inserted into a computer and the flight plan is 
automatically completed as shown in figure 3-5. The navigator 
then computes only the additional information needed, such as 
fuel analysis, equal time point (ETP), and any other information 
required by local procedures. 


Fuel Analysis 


The following example of computation of fuel requirements 
for the flight plan is shown in figure 3-3. 

En Route Fuel. En route fuel is determined with a fuel graph 
such as the one depicted in figure 3-6. Each type of aircraft has a 
series Of fuel graphs based on: (1) aircraft gross weight, (2) 
pressure or density altitude, (3) true airspeed or Mach number, 
and (4) on some aircraft, the aerodynamic drag of external 
stores. 


En route fuel is computed in a manner that will take in 
account the worst fuel consumption situation, such as the lowe 
cruise altitude and highest airspeed. Also, most fuel graphs w 
be designed for a standard day, so a temperature deviation w 
have to be considered. An example of en route fuel computatic 
is shown in figure 3-6. 

Fuel Reserve. This is a quantity of useable fuel to be carri 
aboard all aircraft which is in excess of mission requirements 
the flight is completed as planned. MAJCOMs are authorized 
establish fuel requirements for aircraft of their respective cor 
mand. In the absence of command-established reserves, enou; 
useable fuel is carried on each flight to increase the total plann 
flight time between refueling points by 10 percent or 20 minute 
whichever is greater. Refer to AFR 60-16 for additional 1 
formation. 

En Route Plus Reserve. En route time and reserve time 2 
added together to obtain the en route plus reserve time. (NOT 
In certain commands, the fuel for this time is extracted from t 
fuel graph in the same manner as the en route fuel.) 

Alternate Fuel. The fuel to the alternate is based on the ft 
flow for the gross weight of the aircraft at destination, the tr 
airspeed, and altitude to the alternate. Some flight manu: 
include graphs designed for computing fuel to the alternate, t 
the fuel can also be computed by adding en route time and t 
time to the alternate. This time is then used to extract the to 
fuel required from takeoff to alternate. The en route fuel is th 
subtracted from this to obtain the fuel to the alternate. A stz 
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‘igure 3-5. Typical Computer Flight Plan. 


lard weight may be added to allow for a missed approach at the 
yriginal destination. 

Holding Fuel. Adverse weather, air traffic, or aircraft mal- 
unction in the terminal area may force the aircraft to *“‘hold”’ in 
he local area for a period of time before landing. The amount of 
10lding fuel is based on any planned delays in accordance with 
ipplicable directives. 

Approach and Landing Fuel. Approach and landing fuel is 
he fuel required from the terminal fix to the runway. This is 
‘omputed for a prescribed amount of time (usually 15 minutes). 
"he amount of fuel needed for approach and landing varies with 
he aircraft. 

Identified Extra Fuel. Any additional fuel needed for special 
easons dictated by mission requirements. 

Total Takeoff or Flaps Up. This is total fuel from takeoff or 
laps up that is required for en route, reserve, alternate, holding, 
nd approach and landing. It is a cumulative total of blocks 3, 4, 

, 6, and 7. (Figure 3-3). 

Taxi and Runup. The fuel needed for taxiing, engine runup, 
nd acceleration to takeoff speed. It 1s usually a predetermined 
alue for each type of aircraft. 

Required Ramp Fuel. The amount of fuel required at engine 
tart to complete the mission. 

Actual Ramp Fuel. The fuel on board prior to engine start. 

Unidentified Extra Fuel. Additional fuel over and above that 
-quired by the flight plan. It is the difference between planned 
imp fuel and actual ramp fuel. 

Burnoff Fuel. Burnoff is the planned amount of fuel to be used 
‘ter takeoff. This value subtracted from takeoff gross weight 
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produces the predicted gross weight of the aircraft on landing. 

Range Control Graph. A range control graph shown in figure 
3-7 may be prepared by the navigator. It portrays planned, 
minimum, and actual fuel consumption. It is used to flight plan 
fuel consumption and serves as an in-flight work sheet for 
comparing actual and planned fuel consumption. 

This range control graph is constructed with information 
taken from the completed flight plan (figure 3-3) and the appli- 
cable fuel planning graph (figure 3-6). As shown in figure 3-7, 
fuel remaining (vertical) is plotted against time remaining (hori- 
zontal). . 

The planned fuel consumption is then plotted on the graph 
along with the minimum required fuel line. In-flight fuel read- 
ings are taken periodically and plotted on the graph to determine 
the fuel consumption in relation to that planned. 

The planned line is determined by calculating the fuel remain- 
ing and time remaining at predetermined points in the mission 
and then plotting these points on the graph and connecting them 
with a line. The minimum line is determined by adding up all 
fuel required as a minimum at the destination (reserve, alternate, 
approach, etc.) and plotting it on the zero time remaining line. 
The difference between the minimum fuel required and the 
planned on the zero time remaining line is then plotted below 
each of the predetermined fuel remaining points on the planned 
line. The points are then connected with a line which represents 
the minimum required fuel line. This line is used to determine 
whether or not to continue the mission. 

In-flight, fuel readings are obtained and plotted against time 
remaining to determine fuel status. These plotted points are then 
connected with a dotted line which represents the actual fuel 
consumption. The trend of the in-flight fuel readings indicates 
actual fuel consumption and is used to make mission decisions 
with regard to fuel. 


Equal Time Point (ETP) 


The equal time point is a point along the route from which it 
takes the same amount of time to return to departure as it would 
to continue to destination. It is usually computed when planning 
long, overwater flights. 

The ETP is not necessarily the midpoint in time from depar- 
ture to destination. Its location is somewhere near the midpoint 
of the route (between suitable airfields), and it is dependent 
upon the wind factors. 

A wind factor (WF) is a headwind or tailwind component 
which is computed at planned altitude and between suitable 
airfields by comparing the average groundspeed (GS) to the 
average true airspeed (TAS). To do this, algebraically subtract 
the TAS from the GS. When the wind factor is a minus value, it 
is called a headwind factor; when it is a plus value, it is a 
tailwind factor. When computing ETP, obtain a wind factor for 
each half of the route. 

An ETP may be computed using the following formula: 

Total Distance = T 
(WF,— WF,) + (2x TAS) (60 min) 
Total distance is the number of nautical miles from last suitable 
airfield to the first suitable airfield. Since ETP is most signifi- 
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Figure 3-6. Typical Fuel Graph. 


cant for the overwater portion of a flight, the ETP should be 
determined from the last suitable airfield to the first suitable 
airfield. This time is plotted on the fuel graph with a vertical line 
that crosses both the planned and minimum lines. If the first 
Suitable airfield is not the landing airfield, then we should add 
the time between the first suitable airfield and landing airfield to 
T. Then, we will be able to plot the ETP. 


Endurance 


Endurance is the time an aircraft can remain airborne, not 
including minimum required fuel. In the fuel graph shown in 
figure 3-7, endurance can be computed by taking the last plotted 


fuel reading and following a line parallel to the fuel remaining 
lines in the direction of increasing time remaining until inter- 
cepting the minimum line. This point and its corresponding time 
remaining represent the endurance at the time of the fuel reading 
that is being used. This time would be especially important in 
making in-flight diversion decisions. 


ROUTE STUDY 
General 


During mission planning, a route study should be performed 
by all crewmembers. For the mavigator, a route study encom- 
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Figure 3-7. Range Control Computations. 
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passes three phases of flight—takeoff and climb, cruise, and 
approach and landing. The following paragraphs discuss these 
three areas in general terms as specific weapon systems and 
missions will most often differ in their objectives and para- 
meters. 


Takeoff and Climb 


Prior to boarding the aircraft and copying the clearance, a 
study of the SID (Standard Instrument Departure) to be flown 
should be accomplished. This study includes a study of 
NAVAIDs; such as TACAN, VOR, and ADF to be used on the 
SID. Magnetic headings, radials or bearings, and altitude re- 
strictions should be noted. AFM 51-37, Instrument Flying, 
discusses how to accurately monitor instrument departures. 

During takeoff and climb, the navigator’s duties include 
monitoring the SID, copying clearances, and insuring appli- 
cable altitude restrictions and terrain clearance are maintained. 

Frequently during climb out, estimated time of arrivals 
(ETAs) will be required by the pilot to communicate to control- 
ling authorities and, generally, it is the navigator’s duty to 
compute these required ETAs. Groundspeeds for computing 
ETAs can be obtained from an inertial navigation system, Dopp- 
ler radar, flight-planned groundspeed. or even by observing a 
TACAN DME increase or decrease rate (NM or min). 

When a controlled time of arrival is required, the navigator 
must also compute an indicated airspeed (IAS) for the pilot to 
maintain when approaching cruise altitude. 


CRUISE 
General 


The duties of the navigator in flight are many and varied. 
While the primary duty is to monitor and direct the progress of 
the aircraft, the navigator must meet many associated require- 
ments such as completing the log. filling out forms. working 
controlled ETAs, and analyzing the information received from 
the navigation equipment. 


Navigator’s Log 


The navigator’s log is usually the only record of the aircraft's 
actual position at any given time during the flight. For this 
reason, itunust be accurate and complete. 

Log procedures vary between organizations: however. the 
basic log requirements and purpose remain the same—to keep 
an accurate record of data for the navigator's reference and 
debriefing purposes, and to perform the function of a worksheet 
for the navigator. Generally, required items for log entry are 
items and computations necessary to direct the aircraft. 


Navigator's Celestial Precomps 


Like navigator logs, celestial precomp forms also vary be- 
tween organizations. Like the log, the computational format 


3-11 


may vary; however, the celestial computations themselves are 
essentially the same. 


Airborne Report (AIREP) 


When flying over water, the navigator will be required to fill 
out an AIREP and, in some commands (for example, Navy 
P3C), the navigator must transmit the report over the radio 
circuits. The AIREP is used for reporting position information 
(generally over water), and in-flight weather conditions from 
observations taken as the flight progresses. The AIREP log 


varies from organization; however, the format (located on the <= 


back of any IFR Supplement) remains the same. Remember the 
letters PTAPT as they describe the required items. The first item 
is your present poisition (P) and time (T) at that position, present 
altitude (A), next position (P), and time (T) to that position; 
weather observation data will follow, as noted in figure 3-8. 


APPROACH AND LANDING 
Standard Approaches 


The descent portion of the flight is similar to the climb 
portion. Instrument approach plates are established for almost 
all airfields of any significance 1n the world. These are similar to 
the SID that is used for departure. The published approaches are 
normally flightchecked for safety of flight; if not, they are 
appropriately annotated. The navigator must make certain that 
the route affords adequate terrain clearance given by the 
approach control. Because of congested air traffic, approaches 
must be followed precisely. The navigator should monitor the 
aircraft position and altitude during descent and advise the pilot 
of any deviations. AFM 51-37 discusses how to accurately 
monitor instrument approaches. 


Airborne Radar Approach (ARA) 


An additional means of approach to the terminal airfield 
available to the aircrew is the airborne radar approach. The ARA 
is an emergency procedure used when the other approaches are 
not available. When using this means, the pilot receives all 
directions and altitudes from the navigator. ARA letdown plates 
are published for some airfields. A typical ARA approach is 
shown in figure 3-9. Where an ARA letdown plate has not been 
published, one may be planned by the individual concerned. 
The navigator computes the absolute altitude above field eleva- 
tion for each I-mile increment from touchdown point on final 
approach. To do this, the navigator uses the rate of descent and 
the final approach speed for the aircraft being flown. A typical 
glide slope computed by the navigator is shown in figure 3-9. 
The field elevation must be added to each of the altitudes to 
produce the correct altitude for the pilot to fly. This will be the 
true altitude read on the pressure altimeter (the local altimeter 
setting in the Kollsman window). 

The navigator may be directed by ground control to the point 
from which the ARA is planned to begin or the aircraft may be 
flown directly to this point without ground guidance. In either 
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case, once on the final approach, the navigator is directing the 
aircraft. To do this, the navigator must keep the pilot informed 
of the altitudes and headings to the runway. After the aircraft has 
landed, the navigator’s duties terminate except for completing 
the navigation checklists and required reports. 


Range Control 


The navigator also monitors the fuel to destination, to insure a 
safe, prescribed amount of fuel upon landing. All commands 
that fly over water have a form, usually a graph, where spot fuel 
readings taken at least hourly are plotted against time remaining 
to destination or time accumulated since level off; these readings 
are compared by the navigator against fuel computations for 
normal flight progress. The navigator uses these comparisons 
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for decisions on whether or not to continue the flight, or whether 
an in-flight diversion can be accomplished safely. 


SUMMARY 


In-flight duties for the navigator are many and diverse. As itis 
true that the ‘‘pilot makes money on takeoffs and landings,” 
‘*the navigator makes money during the cruise portion,”’ but is 
also responsible for monitoring the departure and approach. 
These responsibilities are indeed great in that crew safety and 
success of any mission will rely almost entirely on the naviga- 
tor's competence. | 

indeed, considerations of the in-flight duties by the navigator 
while mission planning can avoid embarrassing and a ii 
situations for the entire crew. 
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Chapter 4 


DEAD RECKONING WITH BASIC INSTRUMENTS 


Instruments mechanically measure physical quantities or 
properties with varying degrees of accuracy. Much of a naviga- 
tor’s work consists of applying corrections to the indications of 
various instruments and interpreting the results. Therefore, 
navigators must be familiar with the capabilities and limitations 
of the instruments available to them. 

An air navigator obtains the following flight information from 
basic instruments. 


¢ Direction ¢ Airspeed 
¢ Altitude ¢ Drift 
¢ Temperature ¢ Groundspeed 


In this section, some of the basic instruments are discussed. 
The more complex instruments which make accurate, long 
distance navigation possible are discussed in later chapters or in 
specific aircraft technical orders. 


DIRECTION 
Basic instruments 


The navigator must have a fundamental background in 
navigation to insure accurate positioning of the aircraft. Dead 
reckoning procedures aided by basic instruments give the navi- 
gator a foundation which can help solve the three basic problems 
of navigation: position of the aircraft, direction to destination, 
and time of arrival. It is possible, using only basic instruments 
such as the compass, airspeed meter, and Doppler, to navigate 
directly to any place in the world. As we will discuss in later 
chapters, various fixing aids such as celestial, radar, LORAN, 
etc, can greatly improve the accuracy of basic DR procedures. 
This chapter will discuss the basic instruments used for DR and 
then review the mechanics of DR, plotting, wind effect, and 
computer solutions. 

Directional information needed to navigate is obtained by use 
of the Earth’s magnetic lines of force. A compass system uses a 
device which detects and converts the energy from these lines of 
force to an indicator reading. The magnetic compass operates 
independently of the aircraft electrical systems. Later developed 
compass systems require electrical power to convert these lines 

of force to an aircraft heading. 


Earth’s Magnetic Field 
The Earth has some of the properties of a bar magnet; howev- 


ef, Its magnetic poles are not located at the geographic poles, nor 
are the two magnetic poles located exactly opposite each other 


as on a straight bar. The north magnetic pole is located approx- 
imately at latitude 73°N and longitude 100°W, on Prince of 
Wales Island. The south magnetic pole is located at latitude 68°S 
and longitude 144°E, on Antartica. 

The Earth’s magnetic poles, like those of any magnet, can be 
considered to be connected by a number of lines of force. These 
lines result from the magnetic field which envelops the Earth. 
They are considered to be emanating from the south magnetic 
pole and terminating at the north magnetic pole as illustrated in 
figure 4-1. 


The force of the magnetic field of the Earth can be divided 
into two components: the vertical and the horizontal. The rela- 
tive intensity of these two components varies over the Earth so 
that, at the magnetic poles, the vertical component is at max- 
imum strength and the horizontal component is minimum. At 
approximately the midpoint between the poles, the horizontal 
component is at maximum strength and the vertical component 
is minimum. Only the horizontal component is used as a direc- 
tive force for a magnetic compass. Therefore, a magnetic com- 
pass loses its usefulness in an area of weak horizontal force such 
as the area around the magnetic poles. 

The vertical component causes the end of the needle nearer to 
the magnetic pole to tip as the pole is approached (figure 4-1). 
This departure from the horizontal is called ‘‘magnetic dip.”’ 


COMPASSES 


A compass may be defined as an instrument which indicates 
direction over the Earth’s surface with reference to a known 
datum. Various types of compasses have been developed, each 
of which is distinguished by the particular datum used as the 
reference from which direction is measured. Two basic types of 
compasses are in current use. 

The magnetic compass uses the lines of force of the Earth’s 
magnetic field as a primary reference. Even though the Earth’s 
field is usually distorted by the pressure of other local magnetic 
fields, it is the most widely used directional reference. 

The gyrocompass uses as its datum an arbitrary fixed point in 
space determined by the intial alignment of the gyroscope axis. 
Compasses of this type are widely used today and may eventual- 
ly replace the magnetic compass entirely. 


Magnetic Compass 


The magnetic compass indicates direction in the horizontal 
plane with reference to the horizontal component of the Earth’s 


-. The magnetic lines of force 
angle of inclination to the 
earth’s surface (Magnetic Dip), 
increases. toward the poles | 
(90° Maximum Dip). 


The magnetic lines of 
force are parallel 
to earth’s surface at — 
the Magnetic Equator | 
. (0° No Dip}. 
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gure 4-1. Earth’s Magnetic Field Compared to a Bar Magnet. 


lagnetic field. This field is made up of the Earth’s magnetic 
eld in combination with other magnetic fields in the vicinity of 
ie compass. These secondary magnetic fields are caused by the 
resence of ferromagnetic objects, etc. Magnetic compasses 
iay be divided into two classes. These are: 

1. The direct-indicating magnetic compass in which the 
leasurement of direction is made by a direct observation of the 
osition of a pivoted magnetic needle. 

2. The remote-indicating gyro-stabilized magnetic compass 
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gure 4-2. Magnetic Comnass. 


PIVOT ASSEMBLY 


in which the magnetic direction is sensed by an element located 
at positions where local magnetic fields are at a minimum, such 
as the wing tips. The direction is then transmitted electrically to 
repeater indicators on the instrument panels. 
Direct-Indicating Magnetic Compass. Basically, the magnet- 
ic Compass is a magnetized rod pivoted at its middle, but several 
features have been incorporated in design to improve its per- 
formance. One type of direct-indicating magnetic compass, the 
B-16 compass, often called the pilot’s compass, is illustrated in 
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VARIATION 
WEST 


Figure 4-3. Variation is Angle Between True North and 
Magnetic North. 


figure 4-2. It is used as a standby compass in case of failure of 
the electrical system that operates the remote compasses. It is a 
reliable compass and will give good navigational results if used 
carefully. 

Magnetic Compass Errors. It has been stated that the Earth’s 
magnetic poles are joined by irregular curves called magnetic 
meridians. The angle formed at any point between the magnetic 
meridian and the geographic meridian is called the magnetic 
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Figure 4-4. Isogonic Lines show same Magnetic Variation. 
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variation. Variation is listed on the charts as east or west. When 
variation is east, magnetic north is east of true north. Similarly, 
when variation is west, magnetic north is west of true north 
(figure 4-3). Lines connecting points having the same magnetic 
variation are called isogonic lines, as shown in figure 4-4. 
Magnetic variation is an error which must be corrected if a 
compass indication is to be converted to true direction. 

Another error which the navigator is concerned with is caused 
by nearby magnetic influences, such as those related to magnet- 
ic material in the structure of the aircraft and its electrical 
systems. These magnetic forces deflect a compass needle from 
its normal alignment. The amount of such deflection is called 
deviation which, like variation, is labeled east or west as the 
north-seeking end of the compass is deflected east or west of 
magnetic north, respectively. 

The correction for variation and deviation is usually express- 
ed as a plus or minus value and is computed as a correction to 
true heading. If variation or deviation is east, the sign of the 
correction is minus and, if west, the sign is plus. A rule of thumb 
for this correction is easily remembered as ‘‘east is least and 
west is best.”’ 

Aircraft headings are expressed in various ways, according to 
the basic reference for the heading. If the heading is measured in 
relation to geographical north, it is a true heading. If the heading 
is in reference to magnetic north, it is a magnetic heading and, if 
it is in reference to the compass lubber line, it is a compass 
heading. Compass heading differs from true heading by the 
amount of variaton and deviation encountered. Magnetic head- 
ing varies from true heading by the amount of variation. 

This relationship is best expressed by reference to the naviga- 
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Figure 4-5. To Find True Heading, Work Backwards. 


tor’s log, where the various headings and corrections are listed 
as true heading (TH), variation (Var), magnetic heading (MH), 
deviation (Dev), and compass heading (CH). Thus, if an aircraft 
is flying in an area where the variation is 10°E and the compass 
has a deviation of 3°E, the relationship would be expressed as 
follows, assuming a compass heading of 125 degrees (refer to 
figure 4-5): 


TH Var MH Dev Ch 
138 10. = 128 ee 125 

Variation. Variation has been measured throughout the world 
and the values found have been plotted on charts. Isogonic lines 
are printed on most charts used in aerial navigation so that, if the 
aircraft’s approximate position is known, the amount of varia- 
tion can be determined by visual interpolation between the 
printed lines. At high altitudes, these values can be considered 
quite realistic. Conversely, at low altitudes, these magnetic 
values are less reliable because of local anomalies. 

Variation changes slowly over a period of years and the yearly 
amount of such change is printed on most charts. Variation 1s 
also subject to small diurnal (daily) changes which may general- 
ly be neglected in air navigation. 


Deviation. Since deviation depends upon the distribution of 
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Figure 4-6. Deviation Changes with Heading. 


magnetic forces in the aircraft itself, it must be obtained indi- 
vidually for each magnetic compass on each aircraft. The proc- 
ess of determining deviation, known as compass swinging, is 
fully discussed in the technical order for each compass. 
Deviation changes with heading as shown in figure 4-6. 
Suppose the net result of all inherent magnetic forces of the 
aircraft (those forces excluding the Earth’s field) is represented 
by a dot on the longitudinal axis located just behind the wings of 
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Figure 4-7. Compass Correction Card. 


the aircraft. If the aircraft is headed toward magnetic north, the 
dot attracts one pole of the magnetic compass (in this case, the 
south pole) but, on this heading, does not change its direction. 
The only effect is to amplify the directive force of the Earth’s 
field. Suppose now that the aircraft heads toward magnetic east. 
The illustration in figure 4-6 shows that the dot is now west of 
the compass, in which position it attracts the south pole of the 
compass and repels the north pole, causingeasterly deviation. 
The illustration in figure 4-6 also shows that the deviation 1s zero 
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Figure 4-8. N-1 Compass System Components. 
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on a south heading, and westerly when the aircraft is heading 
west. Deviation can be reduced in some of the more basic 
compasses, such as the direct-indicating magnetic compass, by 
changing the position of the small compensating magnets in the 
compass case; however, it is usually not possible to remove all 
of the deviation on all the headings. The deviation that remains 
is referred to as residual deviation and can be determined by 
comparison with true values. After such deviation has been 
determined, it is recorded on a compass correction card which 
shows the actual deviation on various headings or, more fre- 
quently, the compass headings as illustrated in figure 4-7. 

From the compass correction card illustrated in figure 4-7, the 
navigator knows that to fly a magnetic heading of 270 degrees, 
the pilot must steer a compass heading of 268 degrees. 

Errors in Flight. Unfortunately, variation and deviation are 
not the only errors of a magnetic compass. Additional errors are 
introduced by the motion of the aircraft itself. These errors may 
be classified as: 
¢ Northerly turning error. 
¢ Speed error. 
¢ Heeling error. 
¢ Swirl error. 
¢ Yaw error 

These errors have minimal effect on the use of magnetic 
compasses and come into play normally during turns or changes 
in speed. They are mentioned only to make you aware of the 
limitations of the basic compass. 

Although a basic magnetic compass has some shortcomings, 
it is simple and reliable. The compass is very useful to both the 
pilot and navigator and is carried on all aircraft as an auxiliary 
compass. Since most modern compass systems are dependent 
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upon the electrical system of the aircraft, a loss of power means 
a loss of the compass system. For this reason, a constant check 
on the standby compass provides a good check on the electrical 
systems of the aircraft. 

Remote Indicating Gyro-Stabilized Magnetic Compass Sys- 
tem. A chief disadvantage of the simple magnetic compass is its 
susceptibility to deviation. In remote-indicating gyro-stabilized 
compass systems, this difficulty is overcome by locating the 
compass direction-sensing device outside magnetic fields cre- 
ated by electrical circuits in the aircraft. This is done by install- 
ing the direction-sensing device in a remote part of the aircraft 
such as the outer extremity of a wing. Indicators of the compass 
system can then be located throughout the aircraft without 
regard to magnetic disturbances. 


Several kinds of compass systems are used in Air Force 
aircraft. All include the following five basic components: (1) 
remote compass transmitter, (2) directional gyro, (3) amplifier, 
(4) heading indicators, and (5) slaving control. Though the 
names of these components vary among systems, the principle 
of operation is identical for each. Thus the N-1 compass system 
shown in figure 4-8 can be considered typical of all such sys- 
tems. 

The N-1 compass system 1s designed for airborne use at all 
latitudes. It can be used either as a magnetic-slaved compass or 
as a directional gyro. In addition, the N-1 generates an electric 
signal which is used as an azimuth reference by the autopilot, the 
radar system, the navigation and bombing computers, and vari- 
ous compass cards. 

Remote Compass Transmitter. The remote compass transmit- 
ter is the ‘‘magnetic-direction-sensing’’ component of the com- 
pass system when the system Is in operation as a magnetic- 
slaved compass. The transmitter 1s located as far from magnetic 
disturbances of the aircraft as possible, usually in a wing tip or 
the vertical stabilizer. The transmitter senses the horizontal 
component of the Earth’s magnetic field and electrically trans- 
mits it to the master indicator. The compensator, an auxiliary 
unit of the remote compass transmitter, is used to eliminate most 
of the magnetic deviation caused by the aircraft electrical equip- 
ment and ferrous metal, when a deviation-free location for the 
remote compass transmitter is not available. 

Directional Gyro. The directional gyro is the stabilizing com- 
ponent of the compass system when the system is in magnetic- 
slaved operation. When the compass system is in directional- 
gyro operation, the gyro acts as the directional reference compo- 
nent of the system. 

Amplifier. The amplifier is the receiving and distributing 
center of the compass system. Azimuth correction and leveling 
signals originating in the components of the system are each 
received, amplified, and transmitted by separate channels in the 
amplifier. Primary power to operate the compass is fed to the 
amplifier and distributed to the system’s components. 


Master Indicator. The master indicator is the heading- 
indicating component of the compass system. The mechanism 
in the master indicator integrates all data received from the 
directional gyro and the remote compass transmitter, corrects 
the master indicator heading pointer for azimuth drift of the 
directional gyro due to the Earth’s rotation, and provides takeoff 
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signals for operating remote indicators, radar, navigation com 
puters, and directional control of the autopilot. 

The latitude correction control provides a means for selectin; 
either magnetic-slaved operation or directional gyro operatiot 
of the compass system as well as the proper latitude correctiot 
rate. 

The latitude correction pointer is mechanically connected tc 
the latitude correction control knob and indicates the latitud 
setting on the latitude correction scale at the center of the maste: 
indicator dial face. 

The synchronizer control knob at the lower right-hand comer 
of the master indicator face provides a means of synchronizing 
the master indicator heading pointer with the correct magnetic 
heading when the system is in magnetic-slaved operation. Italso 
provides a means of setting the master indicator heading pointer 
on the desired gyro heading reference when the system is in 
directional gyro operation. 

The annunciator pointer indicates the direction in which to 
rotate the synchronizer control knob to align the heading;pointer 
with the correct magnetic heading. Pe, 

Gyro-Magnetic Compass Indicators. The ‘gyro-magnetic 
compass indicators are remote-reading, movable-dial compass 
indicators. They are intended for supplementary usé as direc- 
tional compass indicators when used with the compass ‘system, 
The indicators duplicate the azimuth heading of thie ‘miaster 
indicator heading pointer. A setting knob is provided at the front 
of each indicator for rotating the dial 360° in either direction 
without changing the physical alignment of the pointer. 

Slaving Control. The slaving control is a gyro control rate 
switch which reduces errors in the compass system during turns. 
When the aircraft turns at a rate of 23° or more per minute, the 
slaving control prevents the remote compass transmitter signal 
from being transmitted to the compass system during magnetic- 





Figure 4-9. Gyroscope Axes. 


AFM 51-40 15 March 1983 

slaved operation. It also interrupts leveling action in the direc- 
tional gyro when the system is in magnetic-slaved or directional 
gyro operation. 


The Gyro 


Any spinning body exhibits gyroscopic properties. A wheel 
designed and mounted to use these properties is called a gyro- 
scope or gyro. Basically, a gyro is a rapidly rotating mass which 
is free to move about one or both axes perpendicular to the axis 
of rotation and to each other. The three axes of a gyro, namely, 
spin axis, drift axis, and topple axis shown in figure 4-9 are 
defined as follows: 

* In a directional gyro, the spin axis or axis of rotation is 
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Figure 4-10. Apparent Precession. - 
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mounted horizontally. 

¢ The topple axis is that axis in the horizontal plane that is 90 
degrees from the spin axis. 

¢ The drift axis is that axis 90 degrees vertically from the spin 
axis. 

Gyroscopic drift is the horizontal rotation of the spin axis 
about the drift axis. Topple is the vertical rotating of the spin 
axis about the topple axis. These two component drifts result in 
motion of the gyro called precession. 

A freely spinning gyro tends to maintain its axis in a constant 
direction in space, a property known as rigidity in space or 
gyroscopic inertia. Thus, if the spin axis of a gyro were pointed 
toward a star, it would keep pointing at the star. Actually, the 
gyro does not move, but the Earth moving beneath it gives it an 
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By applying an upward pressure on the GYRO SPIN AXIS, a deflective force 
is applied to the rim of gyro at point A (PLANE OF FORCE). The resultant 
force is 90° ahead in the direction of rotation to point B (PLANE OF 







PLANE OF FORCE 


ROTATION), which causes gyro to precess (PLANE OF PRECESSION). 





PLANE OF PRECESSION 


PLANE OF ROTATION | 


Figure 4-11. Precession of Gyroscope Resulting from Applied Deflective Force. 


apparent motion. This apparent motion, shown in figure 4-10, is 
called apparent precession. The magnitude of apparent preces- 
sion is dependent upon latitude. The horizontal component, 
drift, is equal to 15 degrees per hour times the sine of the 
latitude, and the vertical component, topple, is equal to [5 
degrees per hour times the cosine of the latitude. 

These computations assume the gyro is stationary with re- 
spect to the Earth. However, if the gyro is to be used in a 
high-speed aircraft, it is readily apparent that its speed with 
respect to a point in space may be more or less than the speed of 
rotation of the Earth. If the aircraft in which the gyro is mounted 
is moving in the same direction as the Earth, the speed of the 
gyro with respect to space will be greater than the Earth's speed. 
The opposite is true if the aircraft is flying in a direction opposite 
to that of the Earth’s rotation. This difference in the magnitude 
of apparent precession caused by transporting the gyro over the 
Earth is called transport precession. 

A gyro may precess because of factors other than the Earth's 
rotation. When this occurs, the precession 1s labeled real preces- 
sion. When a force is applied to the plane of rotation of a gyro, 
the plane tends to rotate, not in the direction of the applied force, 
but 90 degrees around the spin axis from it. This torquing action, 
shown in figure 4-11, may be used to control the gyro by 
bringing about a desired reorientation of the spin axis, and most 
directional gyros are equipped with some sort of device to 
introduce this force. | 

However, friction within the bearings of a gyro may have the 
same effect and cause a certain amount of unwanted precession. 
Great care is taken in the manufacture and maintenance of 
gyroscopes to eliminate this factor as much as possible, but, as 
yet, it has not been possible to eliminate it entirely. Precession 
caused by the mechanical limitations of the gyro is called real or 
induced precession. The combined effects of apparent preces- 
sion, transport precession, and real precession produce the total 
precession of the gyro. 

The properties of the gyro that most concern the navigators 
are rigidity and precession. By understanding these two prop- 





erties, the navigator is well-equipped to use the gyro as a reliable 
steering guide. 

Directional Gyro. The discussion thus far has been of a 
universally mounted gyro, free to turn in the horizontal or 
vertical, or any component of these two. This type of gyro is 
seldom, if ever, used as a directional gyro. When the gyro is 
used as a Steering instrument, it is restricted so that the spin axis 
remains parallel to the surface of the Earth. Thus, the spin axis is 
free to turn only in the horizontal plane (assuming the aircraft 
normally flies in a near-level attitude), and only the horizontal 
component (drift) will affect a steering gyro. In the terminology 
of gyro steering, precession always means the horizontal com- 
ponent of precession. 

The operation of the instrument depends upon the principle of 
rigidity in space of the gyroscope. Fixed to the plane of the spin 
axis 1s a circular compass card, shown in figure 4-12, similar to 
that of the magnetic compass. Since the spin axis remains rigid 
in space, the points on the card hold the same position in space 
relative to the horizontal plane. The case, to which the lubber 
line is attached, simply revolves about the card. 

It is important at this point to understand that the numbers on 
the compass card have no meaning within themselves, as on the 
magnetic compass. The fact that the gyro may indicate 100 
degrees under the lubber line is not an indication that the instru- 
ment is actually oriented to magnetic north, or any other known 
point. To steer by the gyro, the navigator must first set it to a 
known direction or point. Usually, this is magnetic north or 
geographic north, though it can be at any known point. If, for 
example, magnetic north is set as the reference, all headings on 
the gyro read relative to the position of the magnetic poles. 

The actual setting of the initial reference heading is done by 
using the principle discussed earlier of torque application to the 
spinning gyro. By artificially introducing precession, the navi- 
gator can set the gyro to whatever heading is desired and can 
reset it at any time using the same technique. 

Gyro-Compass Errors. The major error affecting the gyro 
and its use as a steering instrument is precession. Apparent 
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Figure 4-11. (Cont). 


precession will cause an apparent change of heading equal to 15 
degrees per hour times the sine of the latitude. Real precession, 
caused by defects in the gyro, may occur at any rate. This type of 
precession has been greatly reduced by the high precision of 
modern manufacturing methods. Apparent precession is a 
known value depending upon location and can be compensated 
for. In some of the more complex gyro systems, apparent 
precession is compensated for by setting in a constant correction 


equal to and in the opposite direction to the precession caused by 
the Earth’s rotation. 
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Figure 4-12. Cutaway View of a Directional Gyro. 


ALTITUDE AND ALTIMETERS 

Altitude may be defined as the vertical distance of a level, a 
point, or an object considered as a point, measured from a given 
surface. Knowledge of the aircraft altitude is imperative for 
terrain clearance, aircraft separation, and a multitude of oper- 
ational reasons. 

Altitude may be defined as a vertical distance above some 
point or plane used as a reference. There are as many kinds of 
altitude as there are reference planes from which to measure 
them. Only six concern the navigator: indicated altitude, cali- 
brated altitude, pressure altitude, density altitude, true altitude, 
and absolute altitude. There are two main types of altimeters; the 
pressure altimeter which is installed in every aircraft, and the 
absolute or radar altimeter. To understand the pressure alti- 
meter’s principle of operation, a knowledge of the standard 
datum plane is essential. 


Standard Datum Plane 


The standard datum plane is a theoretical plane where the 
atmospheric pressure is 29.92 inches of mercury (Hg) and the 
temperature is +15°C. The standard datum plane is the zero 
elevation level of an imaginary atmosphere known as the stan- 
dard atmosphere. In the standard atmosphere, pressure is 29.92” 
Hg at 0 feet and decreases upward at the standard pressure lapse 
rate. The temperature is + 15°C at 0 feet and decreases at the 
standard temperature lapse rate. Both the pressure and tempera- 
ture lapse rates are given in the table in figure 4-13. 

The standard atmosphere is theoretical. It was derived by 
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Standard 
pressure 


Standard 
tempera- 


Standard 
tempera- 


pressure 
(inches of 


Altitude 


(feet) 


60,000 
59,000 
58,000 
57,000 
56,000 


55,000 
54,000 
53,000 
52,000 
51,000 


50,000 
49,000 
48,000 
47,000 
46,000 


45,000 
44,000 
43,000 
42,000 
41,000 


40,000 
39,000 
38,000 
37,000 
36,000 


35,000 
34,000 
33,000 
32,000 
31,000 


30,000 
29,000 
2 8,000 
27,000 
26,000 


25,000 
24,000 
23,000 
21,000 


20,000 
19,000 
18,000 
17,000 
16,000 


15,000 
14,000 
13,000 
12,000 
11,000 


10,000 
9,000 
8,000 


7,000 | 


6,000 
5,000 
4,000 
3,000 


Sea level 


Figure 4-13. Standard Lapse Rate Table. 


(millibars) 


mercury) 


ture (°C) 


ture (°F) 





and pressure given in the table were determined by these 
ages. The height of the aircraft above the standard datuini ] 
(29.92" Hg and + 15°C) is called pressure altitude as illuset 
in figure 4-14. 







changes in barometric pressure. In this manner, the cells ae 
a particular thickness at a given pressure level and thereby 
position the altitude pointers accordingly. On the face. of the 
altimeter is a barometric scale which indicates the barometric 
pressure (expressed in inches of mercury) of the point or plane 
from which the instrument is measuring altitude. Turning the 
barometric pressure set knob on the altimeter manually changes. 
this altimeter setting on the barometric scale and results in 
simultaneous movement of the altitude pointers to the corre- 
sponding altitude reading. | 

Like all measurements, an altitude reading is meaningless if 
the point from which it starts is unknown. The face of the 
pressure altimeter supplies both values. The position of the 
pointers indicates the altitude in feet, and the barometric pres- 
Sure appearing on the barometric scale is that of the reference 
plane above which the measurement is made. 


Altimeter Displays 


Counter-Pointer Altimeter. The counter-pointer altimeter has 
a two-counter digital display unit located in the nine o’clock 
position of the dial. The counter indicates altitude in 1,000-foot 
increments from zero to 80,000 feet (figure 4-16). A single 
conventional pointer indicates 100s of feet on the fixed circular 
scale. It makes one complete revolution per 1,000 feet of alti- 
tude change and, as it passes through the 900- to 1,000-foot area 
of the dial, the 1,000-foot counter is actuated. The shaft of the 
1,000-foot counter in turn actuates the 10,000-foot counter at 
each 10,000 feet of altitude change. To determine the indicated 
altitude, first read the 1,000-foot counter and then add the 
100-foot pointer indication. 


CAUTION 


It is possible to misinterpret the counter-pointer altimeter 
by 1,000 feet immediately before or after the 1,000-foot 
counter moves. This error is possible because the 1,000- 
foot counter changes when the 100-foot pointer 1s between 
the 900- and 1,000-foot position. 

Counter-Drum-Pointer Altimeter. Aside from the familiar 
circular scale and 100-foot pointer, the counter-drum-pointer 
presentation differs somewhat in appearance from the present 
three-pointer altimeter. Starting at the left of the instrument 
illustrated in figure 4-17 and reading from left to right. there are 
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two counter windows and one drum window (white). The 
‘numerals presented in the counter windows indicate 10,000s and 
—1,000s of feet respectively. The drum window numbers always 
follow the pointer number, thereby indicating 100s of feet. 
Two methods may be used to read indicated pressure altitude 
on the counter-drum-pointer altimeter: (1) read the counter- 
drum window, without referring to the 100-foot pointer, as a 
direct digital readout of both thousands and hundreds of feet; (2) 
read the two counter indications, without referring to the drum, 
and then add the 100-foot pointer indication. The 100-foot 
pointer serves as a precise readout of values less than 100 feet. 
The differential air pressure which is used to operate the 
counter-drum-pointer altimeter is processed by an altitude trans- 
ducer where it is converted to electrical signals that drive the 
indicator. The transducer is also used to send digital signals to a 
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Figure 4-15. Altimeter Mechanical Linkage. 
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transponder for purposes of automatic altitude reporting to Air 
Route Traffic Control Centers. A standby system is available for 
use should an electrical malfunction occur. In the standby sys- 
tem, the altimeter receives static air pressure directly from the 
pitot-static system. When the instrument is operating in the 
standby system, the word STANDBY appears on the instrument 
face. A switch in the upper right-hand corner of the instrument is 
provided to return the instrument to its normal mode of opera- 
tion. This switch may also be used to manually place the instru- 
ment in the STANDBY mode. 


Altimeter Errors 


The pressure altimeter is subject to certain errors which fall in 
five general categories. 
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Figure 4-16. Counter-Pointer Altimeter. 


Mechanical Error. Mechanical error is caused by misalign- 
ments in gears and levers which transmit the aneroid cell expan- 
sion and contraction to the pointers of the altimeter. This error is 
not constant and must be checked before each flight by the 
setting procedure. 

Scale Error. Scale error is caused by irregular expansion of 
the aneroid cells and is recorded on a scale correction card 
maintained for each altimeter in the instrument maintenance 
shop. 

Installation/Position Error. Installation/position error is 
caused by the airflow around the static ports. This error varies 
with the type of aircraft, airspeed, and altitude. The magnitude 
and direction of this error can be determined by referring to the 
performance data section in the aircraft technical order. 

An altimeter correction card is installed in some aircraft 
which combines the installation/position and scale errors. The 
card indicates the amount of correction required at different 
altitudes and airspeeds. 


WARNING 


Installation/position error may be considerable at high 
speeds and altitudes. Apply the corrections as outlined in 
the technical order or on the altimeter correction card. 


Reversal Error. Reversal error is caused by inducing false 
static pressure in the static system. It normally occurs during 
abrupt or large pitch changes. This error appears on the altimeter 
as a momentary indication in the opposite direction. 

Hysteresis Error. Hysteresis error is a lag in altitude indica- 
tion caused by the elastic properties of the material within the 
altimeter. This occurs after an aircraft has maintained a constant 
altitude for an extended period of time and then makes a large, 
rapid altitude change. After a rapid descent, altimeter indica- 
tions are higher than actual. This error is negligible during 
climbs and descents at slow rate or after maintaining a new 
altitude for a short period of time. 
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Figure 4-17. Counter-Drum-Pointer Altimeter. 


Setting the Altimeter a 


The barometric scale is used to set a reference plane into the 
altimeter. Rotating the barometric pressure set knob increases or 
decreases the scale reading and the indicated altitude. Each .01 
change on the barometric scale is equal to 10 feet of altitude. 

The majority of altimeters have mechanical stops at or just 
beyond the barometric scale limits (28.10 to 31.00). 


NOTE: Those altimeters not equipped with mechanical stops 
near the barometric scale limits can be set with a 10,000-foot 
error. Therefore, when setting the altimeter, insure that the 
10,000-foot pointer is reading correctly. 


The altimeter must be checked for accuracy before every 
flight. To check and set the altimeter: 

1. Set the current altimeter setting on the barometric scale. It 
may be necessary to tap the altimeter gently. 

2. Check altimeter at a known elevation and note the error in 
TOGt. 

3. If the error exceeds 75 feet, do not use the altimeter for IFR 
flights. 


Nonstandard Atmosphere Effects 


The altimeter setting is a correction for nonstandard surface 
pressure only. Atmospheric pressure 1s measured at each station 
and the value obtained is corrected to sea level according to the 
surveyed field elevation. Thus, the altimeter setting is computed 
sea level pressure and should be considered valid only in close 
proximity to the station and the surface. It does not reflect 
nonstandard temperature nor distortion of atmospheric pressure 
at higher altitudes. 


Types of Altitude 


Indicated Altitude. The term, indicated altitude, means simp- 
ly the value of altitude that is displayed on the pressure 
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—¢ alib brat fee Altitude. Calibrated altitude is indicated altitude 
corrected d for installation/position error. 


titu de. The height above the standard datum plane 
y fand +15°C) is pressure altitude (refer to figure 
| Bs 

tit rude . Bitnsity i is mass per unit volume. The densi- 
ar ries with temperature and with height. Warm air 
Beitess dense than cold air. Normally, the higher 
| ati de, the less dense the air becomes. The density 
can | be expressed i in terms of the standard atmosphere. 
altitude > is the pressure altitude corrected for tempera- 
lure in the “De ensity Altitude’’ window of the DR computer. 
This ¢ Iculatior n converts the density of the air to the standard 
atmospher ic altitude having the same density. Density altitude is 
used in performance data and true airspeed calculations. 

True Altitude. True altitude is the actual vertical distance 

above mean sea level, measured in feet. It can be determined by 
two methods: (1) Set the local altimeter setting on the barometric 
scale of the pressure altimeter to obtain the indicated true alti- 
tude. The indicated true altitude can then be resolved to true 
altitude by use of the DR computer (refer to figure 4-14). (2) 
Measure altitude over water with an absolute altimeter. 
_ Absolute Altitude. The height above the terrain is called 
absolute altitude. It is computed by subtracting terrain elevation 
from true altitude, or it can be read directly from an absolute 
altimeter. 





Computer Altitude Solutions 


The two altitudes most commonly accomplished on the com- 
puter are true altitude and density altitude. Nearly all DR com- 
puters have a window by which density altitude can be deter- 
mined; however, be certain that the window 1s labeled **Density 
Altitude.”’ 

True Altitude Determination. In the space marked *‘For Alti- 
tude Computations’’ are two scales: (1) a centigrade scale in the 
window and (2) a pressure altitude scale on the upper disk. 
When a pressure altitude is placed opposite the temperature at 
that height, all values on the outer (miles) scale are equal to the 
corresponding values on the inner (minutes) scale increased or 
decreased by two percent for each 5.5°C that the actual tempera- 
ture differs from the standard temperature at that pressure alti- 
tude, as set in the window. 

Although the pressure altitude is set in the window, the 
indicated true altitude is used on the inner (minutes) scale for 
finding the true altitude, corrected for difference in temperature 
lapse rate. ; 

Example: . 

Given: Pressure altitude 8,500 feet 
Indicated true altitude 8,000 feet 

Air Temperature (°C) — 16 
To Find: True altitude 

Procedure: Place PA (8,500 feet) opposite the temperature 
(—16) on the FOR ALTITUDE COMPUTATIONS scale. 
Opposite the indicated true altitude (8,000 feet) on the inner 
scale, read the true altitude (7,600 feet) on the outer scale. The 





Figure 4-18. Finding True Altitude. 


solution is illustrated in figure 4-18. 

Density Altitude Determination. Density altitude determina- 
tion on the computer is accomplished by using the window just 
above FOR AIRSPEED AND DENSITY ALTITUDE COM- 
PUTATIONS and the small window just above that marked 
DENSITY ALTITUDE. 

Example: 

Given: Pressure altitude 9,000 feet 

Air temperature (°C) + 10 
To Find: Density altitude 

Procedure: Place pressure altitude (9,000 feet) opposite air 
temperature (+ 10) in window marked FOR AIRSPEED AND 
DENSITY ALTITUDE, read density altitude (10,400 feet). The 


TEMP. +10 
ALT. 9000 


READ 10,400 IN 
DENSITY ALTITUDE 


Rot 
~S 
= 
—— 
-P 
= & 
<3 

2 

ee 





Figure 4-19. Finding Density Altitude. 





4-14 


solution is illustrated in figure 4-19. 
ABSOLUTE ALTIMETER 


Accurate absolute altitude is an important requisite for 
navigation, photography, and bombing as well as for safe pilot- 
ing. It is particularly important in pressure pattern navigation. 
Absolute altitude may be computed from the pressure altimeter 
readings if the position of the aircraft is known, but the results 
are often inaccurate. Under changing atmospheric conditions, 
corrections applied to pressure altimeter readings to obtain true 
altitudes are only approximate. In addition, any error made in 
determining the terrain elevations results in a corresponding 
error in the absolute altitude. 


Radar Altimeter (High Level) 


A typical high-level radar altimeter is designed to indicate 
‘absolute altitude of the aircraft up to 50,000 feet above the 
terrain, land or water. This altimeter does not warn of 
approaching obstructions such as mountains because it meas- 
ures altitude only to a point directly below the aircraft. Refer to 
figure 4-20. 

A typical set consists of the radar receiver-transmitter, height 
indicator, and antenna. The transmitter section of the receiver- 
transmitter unit develops recurring pulses of radio frequency 
(RF) energy which are delivered to the transmitter antenna 
located either flush-mounted or on the underside of the aircraft. 
The transmitter antenna radiates the pulsed energy downward to 
reflect off the Earth and return to the receiver antenna on the 
aircraft. The time consumed between transmission and recep- 
tion of the RF pulse is determined only by the aboslute altitude. 
of the aircraft above the terrain since the radio wave velocity is! 
constant. The receiver antenna delivers the returned pulse to the 
receiver section of the receiver-transmitter unit where it 1s am- 
plified and detected for presentation on the indicator unit. The 





Figure 4-20. Typical High Level Radar Altimeter. 


for the pressure aren 


Radar Altimeter (Low Level) 











water. The scale is lawacitnnie and is graduated in 10s of feet fe 
the first 200 feet. From 200 feet to 20,000 feet, the graduations 
are gradually compressed. A limit indicator system is included 
to provide an indication of flight below a preset altitude. 

To operate the equipment, turn the ON-LIMIT control to 0} 
After warmup, the terrain clearance of the aircraft within th 
range of 0-20,000 is read directly from the single pointer on 
indicator as shown in figure. 4-21. This pointer can be preset 
any desired altitude by the ON-LIMIT control and is used asa 
reference for flying at fixed altitudes. The altitude can be mail - 
tained by observing the position of the pointer with respect to the 
small triangular marker instead of the actual altitude sae 
addition, a red light on the front of the indicator lights up whe 
the aircraft is at or below the preset altitude. To turn off the 
equipment, it is only necessary to turn off the ON-LIMIT 
control on the indicator. 


TEMPERATURE 


Determination of correct temperature is neccessary for accu- 
rate computation of airspeed and altitude. Temperature, air- 
speed, and altitude are all closely interrelated, and the practicing 
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Figure 4-21. Radar Height Indicator. 
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_ Figure 4-22. Free Air Temperature Gage. 


navigator must be familiar with each in order to work effectively 
and accurately. 


Temperature Gages 


The temperature gage most commonly used in the Air Force 


employs a bimetallic element. The instrument, illustrated in 


figure 4-22, is a single unit consisting of a stainless steel stem 
which projects into the airstream and a head which contains the 
pointer and scale. The sensitive element in the end of the 
stem—projected outside the aircraft—is covered by a radiation 
shield of brightly polished metal to cut down the amount of heat 
that the element might absorb by direct radiation from the Sun. 

The bimetallic element (called the sensitive element) is so 
named because it consists of two strips of different metal alloys 
welded together. When the element is heated, one alloy expands 
more rapidly than the other causing this element, which is 
Shaped like a coil spring, to turn. This, in turn, causes the 
indicator needle to move on the pointer dial. Temperatures 
between — 60°C and +50°C can be measured on this type of 
thermometer. 


Temperature Scales 


In the United States, temperature is usually expressed in 
terms of the Fahrenheit scale (°F). In aviation, temperature is 
customarily measured on the centigrade, or Celsius, (°C) scale. 
Although aircraft thermometers are usually calibrated in °C, it 
Is Sometimes necessary to interconvert Fahrenheit and centi- 
grade temperatures. The following formulas may be used: 


f= (SX Se) 92° 
C.= F = 99° 
1.8 


Temperature error is the total effect of scale error and heat of 
Compression error. Scale error is simply an erroneous reading of 
the pointer under standard conditions. It is difficult for a 
‘rewmember to evaluate this error without sensitive testing 
*quipment. With this in mind, the reading of the indicator is 
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considered correct and is called indicated air temperature (IAT). 

The second error, heat of compression error, causes the 
instrument to read too warm. Heating occurs at high speeds from 
friction and the compression of air on the forward cdge of the 
temperature probe. Thus, the IAT is always corrected by a minus 
correction factor to produce true air temperature (TAT). Heat of 
compression increases with true airspeed. The TAT can be 
obtained from the aircraft flight manual. 


AIRSPEED 


Airspeed is the speed of the aircraft with relation to the air 
mass surrounding that aircraft. 


Pitot-Static System 


Accurate airspeed measurement is obtained by means of a 
pitot-static system. The system consists of: (1) a tube mounted 
parallel to the longitudinal axis of the aircraft in an area that is 
free of turbulent air generated by the aircraft, and (2) a static 
source that provides still, or undisturbed, air pressure. 

Ram and static pressures may be taken from a single pitot- 
static tube or from completely separate sources. A pitot-static 
tube usually has a baffle plate, as shown in figure 4-23, to reduce 
turbulence and to prevent rain, ice, and dirt from entering the 
tube. There may be one or more drain holes in the bottom of the 
tube to dispose of condensed moisture. A built-in electrical 
heating element, controlled by a switch inside the aircraft, 
prevents the formation of ice in the tube. 

Reasonable care should be taken with the pitot-static system 
to insure continuous, reliable service. The drain holes should be 
checked periodically to insure they are not clogged. At the 
completion of each flight, a cover is placed over the intake end 
of the tube to prevent dirt and moisture from collecting in the 
tube. 
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Figure 4-23. Structure of the Pitot Tube. 


Principles of Operation of Airspeed Indicator 


The heart of the airspeed indicator is a diaphragm which is 
sensitive to pressure changes. Figure 4-24 shows it located 
inside the indicator case and connected to the ram air source in 
the pitot tube. The indicator case is sealed airtight and connected 
to the static pressure source. The differential pressure created by 
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CAS/PA is used to find 
“PF” factor % on slide. 
Simple proportion is set 
on computer. 


As seen on 
Instrument: 


LAS = Correction as per 
Flight Manual: 


CAS 255 k 


IAS 253 +2 = CAS 255k 100% “10 index” 


Figure 4-25. ICE-T Method. 


density. As the density of the atmosphere decreases with height, 
pitot pressure for a given airspeed must also decrease with 
height. Thus, an airspeed indicator operating in a less dense 
medium than that for which it was calibrated will indicate an 
airspeed lower than true speed. The higher the aircraft flies, the 
greater the discrepancy. The necessary correction can be found 
on the DR computer. Using the window on the computer above 
the area marked FOR AIRSPEED DENSITY ALTITUDE 
COMPUTATIONS, set the pressure altitude against the true air 
temperature (TAT). Opposite the calibrated airspeed on the 
minutes scale, read the density airspeed on the miles scale. At 
lower airspeeds and altitudes, density airspeed may be taken as 
true airspeed with negligible error. However, at high speeds and 
altitudes, this is no longer true and compressibility error must be 
considered. (Compresgibility error is explained in the equivalent 
airspeed section.) When density altitude is multiplied by the 
compressibility factor, the result is true airspeed. 

True Airspeed (TAS). True airspeed is equivalent airspeed 
which has been corrected for air density error. By correcting 
EAS for true air temperature and pressure altitude, the navigator 
compensates for air density error and computes an accurate 
value of TAS. The true airspeed increases with altitude when the 
indicated airspeed remains constant. When the true airspeed 
remains constant, the indicated airspeed decreases with altitude. 
Calibrated and equivalent airspeeds can be determined by refer- 
ring to the performance data section of the aircraft flight manual. 
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Set temperature above the 
Pressure Altitude in the 

“For Airspeed and Density 
Altitude Computations” window. 
Locate EAS on Minutes Scale and 
proportional TAS is above it. 


Temp —37°C __ TAS 408 k 
PA 30,000 — EAS 245k 
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Computing True Airspeed 


ICE-T Method. To compute true airspeed (TAS) using the 
ICE-T method on the DR computer, solve for each type of 
airspeed in the order of I, C, E, and T; that is, change indicated 
airspeed to calibrated, change calibrated to equivalent, and 
change equivalent to true. This process is illustrated by the 
following sample problem. (Refer to definitions as necessary.) 


Given: Pressure Altitude (PA): 30,000’ 
Temperature: — 37°C 
Indicated Airspeed (IAS): 253 knots 
Flight Manual Correction Factor: + 2 knots 
Find: Calibrated Airspeed (CAS) 


Equivalent Airspeed (EAS) 
True Airspeed (TAS) 

Answer: CAS is determined by algebraically adding to IAS 
the correction factor taken from the chart in your flight manual. 
(This correction is insignificant at low speeds but can be higher 
than 10 knots near Mach |.) 

To correct CAS to EAS, use the chart on the slide of the 
computer entitled FCORRECTION FACTORS FOR TAS. See 
figure 4-25. Enter the chart with CAS and PA. The F factor is 
.96. This means we multiply CAS by .96 or take 96% of 255 
knots. To do this, place 255 knots on the inner scale under the 
‘*10’’ index on the outer scale. Locate 96 on the outer scale and 
read EAS on the inner scale: 245 knots. 
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Figure 4-26. ICE-T in Reverse. 







Temp -37%C __ TAS 408k 
PA 30,000 EAS 245k 


Now, we need to correct EAS for temperature and altitude to 
get TAS. As shown in figure 4-25, in the window marked ‘‘For 
Airspeed and Density Altitude Computations,’’ place tempera- 
ture over PA. Locate the EAS of 245 knots on the inner scale and 
read TAS on the outer scale. The TAS is 408 knots. 

Alternate TAS Method. There is an alternate method of find- 
ing TAS when given CAS. The instructions for alternate solu- 
tion are printed on the computer directly below the F factor 
table. Mathematically, your answer should be the same regard- 
less of the procedure you use, but the ICE-T method is used most 
often because the computation can be worked backwards from 
TAS. If you wish to maintain a constant TAS, you can determine 
what CAS or IAS to fly by working the ICE-T method in reverse 
as illustrated in figure 4-26. 


Machmeters 


Machmeters indicate the ratio of aircraft speed to the speed of 
sound at any particular altitude and temperature during flight. It 
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Figure 4-27. Finding TAS from Mach Number. 
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is often necessary to convert TAS to a Mach number or vice 
versa. Instructions are clearly written on the computer in the 
center portion of the circular slide rule. 

Locate the window marked FOR AIRSPEED AND DENSI- 
TY ALTITUDE COMPUTATIONS and rotate the disk until the 
window points to the top of the computer (toward the 10 index 
on the outer scale). Within the window is an arrow entitled 
MACH NO. INDEX (figure 4-27). To obtain TAS from a given 
Mach number, set air temperature over the MACH. NO. IN- 
DEX and, opposite the Mach number on the MINUTES scale, 
read the TAS on the outer scale. 

Example: If you are planning to maintain Mach 1.2 ona 
cross-country flight, place the air temperature at flight altitude 
over the MACH NO. INDEX. Read the TAS on the outer scale 
opposite | .2 on the inner scale. If the temperature is — 20°C, the 
TAS will be 742 knots. 


AIRSPEED INDICATORS 
True Airspeed Indicator 


Most true airspeed indicators display true airspeed by a single 
pointer on a fixed circular scale as illustrated in figure 4-28. 
They employ an aneroid cell, a differential pressure diaphragm, 
and a temperature diaphragm to measure impact pressure, 
barometric pressure, and free air temperatures. The combined 
actions of the diaphragms mechanically compensate for aif 
density error to provide an indication of true airspeed. 


Maximum Allowable Airspeed Indicator 


This indicator (figure 4-29) displays indicated airspeed in 
100s of knots by an indicated airspeed pointer on a fixed circulat 
scale. It displays values of less than 100 knots on a rotating scale 
in a readout window. A maximum allowable indicated airspeed 
pointer continuously indicates the maximum allowable indi 
cated airspeed for the particular aircraft. Its indications a 
governed by an aneroid cell which expands as altitude increases, 
causing the maximum allowable indicated airspeed pointer it” 
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Figure 4-28. True Airspeed Indicator. 


dications to decrease. The maximum allowable machmarker is 
set to the maximum allowable indicated Mach number for the 
aircraft. 


Mach Indicator 


The Mach indicator, shown in figure 4-30, displays the Mach 
number which is the ratio between the true airspeed of the 
aircraft and the speed of sound at flight altitude. In computing a 
true airspeed from indicated airspeed, air density must be taken 
into account. This requires that a correction for temperature and 
altitude be made unnecessary because the existing temperature 
at flight level determines the speed of sound at flight level. The 
Mach number is determined by the speed of sound, which in turn 
is determined by air density; thus, Mach is always a valid index 
to the speed of the aircraft. 


Combined Airspeed-Mach Indicator 


The combined airspeed-Mach indicator, shown in figure 4- 
31, is usually found in high-performance aircraft or where 
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_ Figure 4-29. Maximum Allowable Airspeed Indicator. 
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Figure 4-30. Mach Indicator. 


instrument panel space is limited. It simultaneously displays 
indicated airspeed, indicated Mach number, and maximum 
allowable airspeed. It contains a differential pressure diaphragm 
and two aneroid cells. The diaphragm drives the airspeed-Mach 
pointer. One aneroid cell rotates the Mach scale, permitting 
indicated airspeed and Mach number to be read simultaneously. 
The second aneroid cell drives the maximum allowable airspeed 
pointer. This pointer is preset to the aircraft’s maximum indi- 
cated airspeed. Unlike the maximum indicated airspeed and 
unlike the maximum allowable airspeed, Mach number in- 
creases with altitude. An airspeed marker set knob positions a 
movable airspeed marker. This marker serves as a memory 
reference for desired airspeed. 


Air Data Computer 


The air data computer is an electro-pneumatic unit which 
utilizes pitot and static pressures and total air temperature to 
compute outputs for various systems. These output parameters 
of voltage and resistance represent functions of altitude, Mach 
number, 


true airspeed, computed airspeed, and static air 
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Figure 4-31. Combined Airspeed-Mach Indicators. 


temperature. Air data computer outputs are used with the flight 
director computers, automatic flight controls, cabin pressuriza- 
tion equipment, and normal basic indicators. The air data com- 
puter provides extreme accuracy and increased reliability. 


DRIFTMETER 


Several methods of wind determination depend on the know- 
ledge of the drift angle—the angle between true heading and 
track. When the Earth’s surface (land or sea) is visible, this 
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Figure 4-32. Principle of a Driftmeter. 


Airspeed-Mach Pointer 


Mach Scale 


Airspeed Marker 


Fixed Airspeed Scale 


Airspeed Marker Set Knob 


AFM 51-40 


15 March 1983 





angle can be measured directly with an instrument, found on 
some older aircraft, known as a driftmeter. 

The principle of the driftmeter is very simple. Suppose that 
the ground is observed through a hole in the floor of an aircraft. 
As the aircraft flies along its track, objects on the ground appear 
to move across the hole in the direction exactly opposite to the 
track. 

Thus, in figure 4-32, if the aircraft track is in the direction of 
line BA, a house appears to move across the hole from A to B. 
Suppose now that a wire is stretched across the hole parallel to 
the longitudinal axis of the aircraft. This wire Y X represents the 
true heading of the aircraft. Since BA is the track and YX is the 
true heading, the drift angle is the angle AOX. The driftmeter 
measures this angle AOX. A simple driftmeter might be built as 
shown in figure 4-33. A glass plate which may be rotated by 
means of the handle on the right is placed over a hole in the floor 
of the aircraft. On the glass are drawn parallel drift lines. The 





Figure 4-33. Read Drift on Scale Opposite Pointer. 
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rift lines, together with the two or three cross lines (timing 
limes) usually present in a driftmeter, are called the reticle. The 
center drift line extends to the edge of the plate as a pointer. On 
the floor ahead of the hole is a drift scale which shows the 
‘position of the drift lines relative to the longitudinal axis of the 
aircraft. Thus,.when the pointer is on 0°, the drift lines are 
parallel to the longitudinal axis; and, when the pointer is on 
10°R, the drift lines make a 10° angle to the right of the axis. 
‘To use this simple driftmeter, turn the glass plate so that 
objects on the ground move across the hole parallel to the drift 
lines. Then, the drift lines are parallel to the track of the aircraft. 
Read the drift scale opposite the pointer. If the pointer indicates 
— 1S°L, the aircraft is drifting 15° to the left. Therefore, if the true 
heading is 090°, the track is 075°. 
On every driftmeter, the drift scale is marked with the words 
**right’’ and ‘‘left’’ or with the letters ‘‘R’’ and ‘‘L.’’ These 
_ words always refer to the drift and not to the drift correction. 
Normally, driftmeters have a plus and minus sign on the scale. 
_ These give the sign of the drift correction which is discussed 
later. More advanced driftmeters have the capability to measure 
groundspeed when used with a stopwatch and a radar altimeter 
by timing passing targets. 








DOPPLER 





Since people first flew, they have searched for ways to deter- 
mine aircraft groundspeed and drift angle without aid from the 
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Figure 4-34. Doppler Effect. 
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ground. Various models of the driftmeter provided only a partial 
answer to the problem. Their use consumed a great deal of the 
navigator’s time, and they could not be used over smooth water 
or when weather obscured the surface. 

Doppler radar provides the navigator with continuous, instan- 
taneous, accurate readings of groundspeed and drift angle in all 
weather conditions, both over land and over water. It does this 
automatically with equipment that is of practical size and 
weight. Its operation makes use of the Doppler effect. 


Doppler Effect 


The Doppler effect was discovered in 1842 by Christian 
Johann Doppler. This effect, simply stated, is that transmitted 
energy undergoes an apparent shift in frequency as the distance 
between the transmitter and receiver decreases or increases. It is 
this frequency shift which makes possible the instantaneous 
sensing and measuring of groundspeed and drift angle by Dopp- 
ler radar. 

The Doppler effect applies to all wave motion including 
electromagnetic, light, and sound. The effect on sound waves 
can be observed by listening to the whistle of a passing train. As 
the train approaches, its whistle, as heard by a stationary observ- 
er, has a fairly steady pitch; that is, higher than the true pitch. As 
the train passes, the pitch drops quickly to a frequency below the 
true pitch and remains at approximately the lower value as the 
train moves away from the observer. This principle is illustrated 
in figure 4-34. 
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Figure 4-35. Moving Source of Sound Affects Frequency Reception. 


The change in pitch, which is a change in frequency, is due to 
the relative motion between the train and the observer. Moreo- 
ver, the degree of change is proportional to the relative velocity 
between the two. It should be noted that this is actually a change 
in frequency to the observer standing near the track but to a 
person riding on the train, there is no change in pitch and that 
individual hears a steady whistle. The reason for this shift is that 
as the train speeds ahead from left to right, as in the illustration, 
each successive sound wave is emitted slightly farther ahead on 
its path. The waves, though still spreading in all directions at a 
constant speed, no longer share a common center. They crowd 
together in front causing a higher frequency. Behind the train the 
distance between the waves is stretched, the frequency is de- 
creased, and the pitch is therefore lowered. 

Single Doppler Shift. It must be understood in the foregoing 
explanation that the forward motion of the train does not in- 
crease the speed of sound. Under constant atmospheric condi- 
tions, the speed of sound is always constant. Instead, the for- 
ward motion of the train slightly compresses the wave length of 


sound, as illustrated in figure 4-35, producing a higher frequen-: 


ts 


cy which the observer at A hears as a higher pitch. When the 
train whistle is directly abeam the observer at A’, a true pitchis 
heard because relative motion between ‘‘transmitter’’ and ‘‘re- 
ceiver’ is zero. As the train moves off, its forward motion 
slightly expands the wave length of sound, and the observer at 
A" hears a lower-than-true pitch. This illustration is an example 
of single Doppler shift. 

Note that this explanation describes the whistle’s pitch as 
‘‘fairly constant’’ as the train approaches and moves off. It 
actually drops slightly. This is because the observer stands at 
some distance from the railroad tracks. To hear an exactly 
constant pitch as the train approaches and moves off, the observ- 
er must stand in the middle of the tracks. When the observer 
stands off to one side or the other, a second variable comes into 
play which causes the whistle pitch to drop gradually as the train 
approaches, rapidly as the train passes, and again gradually aS 
the train moves off. This variable is the angle gamma (¥) @ 
shown in figure 4-34. The angle is measured between the t a ¥ 
line of travel and a direct line from the whistle to the observe 

In any case, Doppler shift is proportional to the ‘relative 
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Figure 4-36. Double Doppler Shift. 
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cit y be Secs the train and the observer. If the observer 
oo a n the tracks, relative velocity is determined by the 
e of of closure and angle y. Stated another way, relative 
city. is proportional to the cosine of angle y. 
ingle -y. cha nges gradually when the train is at a distance, and 
dly as the train passes. Thus, the whistle’s pitch drops 
ually y whe -n the train is at a distance, and rapidly as the train 
ub le le De 0 sppler Shift. Double Doppler shift occurs when the 
tting se source 2 is in motion and receives its echo from a station- 
teflectix ing x surface, or when the emitting source is stationary 
| receiv 
1 
f the m nat vi r ‘the automobile blows the horn (producing a tone 
500 Hz) as he approaches the building, another man by the 
id ing wc uld hear a higher tone (510 Hz, a single Doppler 
ft). J If | tt 1e building reflects the horn’s sound back to the 
tomobile, the driver would hear the echo at a still higher 
quency (520 Hz, a double Doppler shift). This occurs in 
uch the same manner with an airborne Doppler radar set. 
gure 4-37 illustrates a functioning Doppler system transmit- 
g a silent beam of radar energy from the aircraft to the ground. 
he beam is transmitted at a known angle y from the direction of 
craft travel. The ground reflects some radar energy back to 
e aircraft: The Doppler system is in motion while the ground is 
ationary, a situation comparable to the automobile example. 
hus, the frequency of radar energy returned to the aircraft is 
creased by double Doppler shift. Since angle y is intentionally 
ept constant, any variation in the frequency of returned radar 
nergy represents a proportional variation in groundspeed. 










intenna Configuration 


Two basic Doppler radar systems are currently in use—the 
our-beam and the three-beam. Both types use either continuous 
vave (CW) or pulse wave (PW) transmission. CW transmission 
quires one antenna for transmission and a second antenna for 


ves its echo from a moving reflecting surface (figure, 
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reception. 

Four-Beam Doppler Radar. Figure 4-38 illustrates the four- 
beam system. Two beams are directed forward and two beams 
are directed aft. The system computes groundspeed and drift. 
Groundspeed is measured by comparing frequencies from the 
forward beams with frequencies from the aft beams. The 
amount of frequency shift is converted to groundspeed. 

Frequencies from the four beams are compared in a slightly 
different manner to measure drift. The frequency shift between 
the right forward and left aft beams is compared with the 
frequency shift between the left forward and right aft beams. If 
the two shifts are equal, drift is zero. Figure 4-39 illustrates the 
right forward and left aft beams producing the higher frequency 
shift; thus, drift is to the left. Figure 4-40 illustrates that the 
system’s drift computing elements have sensed the distance in 
frequency shift and used this difference to align the antenna with 
ground track. When the antenna has been so aligned, the two 
sets of beams indicate equal Doppler shifts, or zero drift, while 
the angle to which the antenna has been rotated equals drift. 

Three-Beam Doppler Radar. The three-beam Doppler princi- 
ple of operation differs somewhat from that of the four-beam 
Doppler. The three beams are directed 70° below the horizontal 
plane, and are offset 20° from the longitudinal axis of the 
aircraft. This arrangement of the beams, illustrated in figure 
4-4], is called the lambda configuration because it resembles the 
Greek letter lambda (A). 

The frequency from each beam undergoes a shift because of 
forward motion, wind drift, and vertical travel of the aircraft. 
The frequency shift is a function of aircraft velocity. The aircraft 
forward, lateral, and vertical velocities are obtained by combin- 
ing these frequency-shifted signals. Vertical velocity is deter- 
mined by the frequency shifts from beams D3 minus D,. For- 
ward velocity is determined by the frequency shifts from D3 plus 
D,. Lateral velocity is determined by the frequency shifts from 
D, minus D,. 

The three velocities are resolved into velocities along heading 
and across heading. The resultant equals groundspeed and the 





Fi 
bure 4-37, Gamma Angle from Airborne Doppler System. 
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Figure 4-38. Configuration for Groundspeed Measurement. 


( 
angle equals drift. See figure 4-42. Drift is then resolved around 


true heading to produce ground track. 


Summary 


Since the primary outputs of Doppler are drift angle and 
groundspeed, it is obvious that any navigational problem requir- 
ing these components has received a boon with the innovation of 
Doppler. Because Doppler information helps resolve an accu- 
rate DR position, it provides the means to solve many complex 
navigation problems. 


DEAD RECKONING 


Having discussed the basic instruments available to the navi- 
gator, we will now review the mechanics of dead reckoning 
procedures, plotting, determining wind effect, and MB-4 com- 
puter solutions. Using basic skills in dead reckoning proce- 





: Prt: “the ev 
dures, a navigator can predict aircraft positions 1” ea 
more reliable navigation equipment is unavailable or NO’ Sr 


tive. Therefore, a good foundation in dead reckoning ® Imp 
tive for the navigator. 
Plotting 

ure off 


Chart work should be an accurate and graphic pi¢t 
progress of the aircraft from departure to destination am" 
the log, should serve as a complete record of the flight. hus 
also follows that the navigator must be familiar with an 
accepted standard symbols and labels on charts 4s shown 


figure 4-43. 
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Explanation of Terms 


, ; ; \ 
Several terms have been mentioned in earlier portions of F 
manual. Precise definitions of these terms must now be ¥ 
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Figure 4-40. Antenna Position after Drift is Measured. 
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Figure 4-41. Three-Beam Doppler Radar. 


stood before the mechanics of chart work are learned. 

TRUE COURSE (TC) is the intended horizontal direction of 
travel over the surface of the Earth, expressed as an angle 
measured clockwise from true north (000°) through 360 de- 
grees. 

COURSE LINE is the horizontal component of the intended 
path of the aircraft comprising both direction and magnitude or 
distance. 

TRACK (Tr) is the horizontal component of the actual path of 
the aircraft over the surface of the Earth. Track may, but very 
seldom does, coincide with the true course or intended path of 
the aircraft. The difference between the two. is caused by an 
inability to predict perfectly all in-flight conditions. 

TRUE HEADING (TH) is the horizontal direction in which 
an aircraft is pointed. More precisely, it is the angle measured 


AIR VECTOR (TH-TAS) 
True heading and airspeed 


GROUND VECTOR (TR-GS) 


Track and ground speed 


WIND VECTOR (W/Y) 
Wind direction and speed 


Figure 4-43. Standard Plotting Symbols. 
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Figure 4-42. Resultant Groundspeed and Drift Angle. 


clockwise from true north through 360 degrees to the longitu 
nal axis of the aircraft. The difference between track and tn 
heading is caused by wind and is called drift. 
GROUNDSPEED (GS) is the speed of the aircraft over. 
ground. It may be expressed in nautical miles, statute miles, 
kilometers per hour, but, as a navigator, you will use nautice 
miles per hour (knots). = 
TRUE AIRSPEED (TAS) is the rate of motion of an aire 
relative to the air mass surrounding it. Since the air mass | 
usually in motion in relation to the ground, airspeed and | 
speed seldom are the same. ae 
DEAD RECKONING POSITION (DR Position) is a point 
relation to the Earth established by keeping an accurate accoun 
of time, groundspeed, and track since the last known position. 
may also be defined as the position obtained by applying ¥!” 
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eet to the true heading and true airspeed of the aircraft. 
uf FIX is an accurate position determined by one of the aids to 


» | 


- apelin (AP) is the location of the aircraft in relation 
; € alr mass surrounding t. True heading and true airspeed are 
«components of the vector used to establish an air position. 
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Figure 4-45. Typical Plotter. 
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MOST PROBABLE POSITION (MPP) is a position dete 
mined with partial reference to a DR position and partial refe 
ence to a fixing aid. 


Plotting Equipment 


Nothing reflects a navigator’s ability more than keeping nea 
clean, and accurate charts and logs. An untidy chart, smudgs 
and worn through in places, often causes one to conclude th 
the navigation performed was careless. In addition to havir 
some type of fine-tipped, soft pencil, a good pair of divider 
and plotter are imperative for accurate chart work. 

Dividers. It is desirable to manipulate the dividers with ot 
hand (figure 4-44), leaving the other free to use the plotte 
pencil, or chart as necessary. Most navigation dividers have 
tension screw which you can adjust to prevent the dividers fro 
becoming either too stiff or too loose for convenient use. Adju 
the points of the dividers to approximately equal length. A sms 
screwdriver, required for these adjustments, should be a part. 
the navigator’s equipment. 

Plotters. Acommon Air Force plotter is shown in figure 4-4 
This plotter is a semicircular protractor with a straight ed; 
attached to it. A small hole at the base of the protractor portic 
indicates the center of the arc of the angular scale. Two comple 
scales cover the outer edge of the protractor and are graduated 
degrees. An abbreviated, inner scale measures the angle fro 
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Figure 4-46. To Measure True Course. 


the vertical. (See figures 4-46 and 4-47.) 

The angle measured is the angle between the meridian and the 
straight line. The outer scale is used to read all angles between 
north through east to south, and the inner scale is used to read all 
angles between south through west to north. 





Plotting Procedure, Mercator Chart 


Preparation. A great many charts and plotting sheets are 
printed on the Mercator projection. Before starting any plot, 
note the scale and projection of the chart and check the date to 





Figure 4-47. To Measure True Course Near 180° or 360°. 


Figure 4-48. Plotting Positions on a Mercator. 
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Figure 4-49. Reading Direction of a Course Line. 


make sure that it is the latest edition. The latitude scale is used to 
represent nautical miles. The longitude scale should never be 
used to measure distance. Some charts carry a linear scale in the 
margin, and, where present, it indicates that the same scale may 
be used anywhere on the chart. 

Plotting Positions. On most Mercator charts, the spacing 
between meridians and parallels is widely spaced, necessitating 
the use of dividers. There are several methods by which posi- 
tions can be plotted on Mercator charts. One method is illus- 
trated in figure 4-48. Place the straight edge of the plotter in a 
vertical position, at the desired longitude. Set the dividers to the 


desired number of minutes of latitude. Hold one point against 
the straight edge on the parallel of latitude corresponding to the 
whole degree of latitude given. Let the other point also rest 
against the straight edge and lightly prick the chart. This marks 
the desired position. In measuring the latitude and longitude of a 
position already plotted, reverse the procedure. 

Plotting and Measuring Courses. Plot departure and destina- 
tion on the chart, as shown in figure 4-49, Step 1. Step 2 is to 
draw the course line between the two points. If they are close 
together, the straight edge of the plotter can be used. If they are 
far apart, two plotters can be used Sol or a longer straight 
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Figure 4-50. Plotting Course from Given Position. 


edge can be used. If none of these methods is adequate, fold the 
edge of the charts so that the fold connects the departure and 
destination points, and make a series of pencil marks along the 
edge. A plotter or straight edge can then be used to connect the 
points where the chart is unfolded. 

After the course line has been plotted, the next step is to 
determine its direction. Place the points of the dividers or a 
pencil anywhere along the line to be measured, Step 3. Place the 
plotter against the dividers, Step 4. Slide the plotter until the 
center hole is over any meridian as shown in Step 5. Read TC on 
the protractor at the meridian, Step 6. Make a mental estimate of 
the approximate direction of the line when reading the protractor 
to avoid obtaining a reciprocal heading. 


Plotting Course From Given Position. A course from a given 
position can be plotted quickly in the following manner: Place 
the point of a pencil on the position and slide the plotter along 
this point, rotating it as necessary, until the center hole and the 
figure on the protractor representing the desired direction are 
lined up with the same meridian. Hold the plotter in place and 
draw the line along the straight edge (figure 4-50). 


Measuring Distance. One of the disadvantages of the Merca- 
tor chart is the lack of a constant scale. If the two points between 
which the distance is to be measured are approximately in a 
north-south direction and the total distance between them can be 
spanned, the distance can be measured on the latitude scale 
opposite the midpoint. However, the total distance between any 
two points that do not lie approximately north or south of each 
other should not be spanned unless the distance is short. 

In the measurement of long distances, select a midlatitude 
lying approximately halfway between the latitudes of the two 
points. By using dividers set to a convenient, reasonably short 
distance, such as 60 nautical miles picked off at the midlatitude 
scale, you may determine an approximate distance by marking 
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off units along the line to be measured as shown in figure 4-51. 

The scale at the midlatitude is accurate enough if the course 
line does not cover more than 5 degrees of latitude (somewhat 
less in high latitudes). If the course line exceeds this amountorif 
it crosses the equator, divide it into two or more legs and 
measure the length of each leg with the scale of its own midlati- 
tude. 


Plotting Procedures—Lambert Conformal and Gno- 
monic Charts 


Plotting Positions. On a Lambert conformal chart, the me- 
ridians are not parallel as on a Mercator chart. Therefore, 
plotting a position by the method described under Mercator 
charts may not be accurate. On small scale charts or where there 





Figure 4-51. Midlatitude Scale. 
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Figure 4-52. Use Midmeridian to Measure Course on a Lambert Conformal. 


is marked convergence, the plotter should intersect two gradu- 
ated parallels of latitude at the desired longitude rather than 
parallel to the meridian. Then, mark off the desired latitude with 
your dividers. On a large scale chart, the meridians are so nearly 
parallel that this precaution is unnecessary. 
_ The scale on all parts of a Lambert conformal chart is essen- 
tially constant. Therefore, it is not absolutely necessary to pick 
off minutes of latitude near any particular parallel except in the 
Most precise work. 

Plotting and Measuring Courses. Any straight line plotted on 
a Lambert conformal chart is approximately an arc of a great 
circle. In long distance flights, this feature is advantageous since 
the great circle course line can be plotted as easily as a rhumb 
line on a Mercator chart. 





However, for shorter distances where the difference between 
the great circle and rhumb line is negligible. the rhumb line is 
more desirable because a constant heading can be held. For such 
distances, the approximate direction of the rhumb line course 
can be found by measuring the great circle course at midmeri- 
dian as shown in figure 4-52. In this case, the track is not quite 
the same as that indicated by the course line drawn on the chart, 
since the actual track (a rhumb line) appears as a curve convex to 
the equator on a Lambert conformal chart. while the course line 
(approximately a great circle) appears as a straight line. Near 
midmeridian, the two have approximately the same direction 
(except for very long distances) along an oblique course line as 
indicated in figure 4-53. 

For long distances involving great circle courses, it is not 





Figure 4-53. At Midmeridian, Rhumb Line and Great Circle have Approximately the Same Direction. 
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Figure 4-54. Transferring Great Circle Route from Gnomonic to Mercator Chart. 


feasible to change heading continually, as is necessary when 
following a greai circle exactly, and it is customary to divide the 
great circle into a series of legs, each covering about 5 degrees of 
longitude. The direction of the rhumb line connecting the ends 
of each leg is found at its midmeridian. 

Measuring Distance. As previously stated, the scale on a 
Lambert conformal chart is practically constant, making it 
possible to use any part of a meridian graduated in minutes of 
latitude to measure nautical miles. 

Plotting on a Gnomonic Chart. Gnomonic charts are used 
mainly for planning great circle routes. Since any straight line 
on a gnomonic chart is an arc of a great circle, a straight line 
drawn from the point of departure to destination will give a great 
circle route. Once obtained, this great circle route is transferred 
to a Mercator chart by breaking the route into segments as shown 
in figure 4-54. 

Plotting Hints. The following suggestions should prove help- 
ful in developing good plotting procedures: 


* Measure all directions and distances carefully. Check and 
double-check all measurements, computations, and positions. 
¢ Avoid plotting unnecessary lines. If a line serves no purpose, 
erase it. 

* Keep plotting equipment in good working order. If the plotter 
is broken, replace it. Keep sharp points on dividers. Use a 
sharp-pointed, soft pencil and an eraser that will not smudge. 
¢ Draw light lines at first, as they may have to be erased. When 
the line has been checked and proven to be correct, then darken 
it if desired. 


¢ Label lines and points immediately after they are drawn. Use 
standard labels and symbols. Letter the labels legibly. Be neat 
and exact. 


DR COMPUTER 


Almost any type of navigation requires the solution of simple 
arithmetical problems involving time, speed, distance, fuel 
consumption and so forth. In addition, the effect of the wind on 
the aircraft must be known; therefore, the wind must be com- 
puted. To solve such problems quickly and with reasonable 
accuracy, various types of computers have been devised of 
which the computer described in this manual is one. This com- 
puter is simply a combination of two devices: (1) a circular slide 
rule for the solution of arithmetical problems (see figure 4-55), 
and (2) a specially designed instrument for the graphical solu- 
tion of the wind problem (figure 4-56). 

The slide rule is a standard device for the mechanical solution 
of various arithmetical problems. Slide rules operate on the 
basis of logarithms. Slide rules are either straight or circular, the 
one on the DR computer is circular. 

The slide rule face of the computer consists of two flat 
metallic disks, one of which can be rotated around a common 
center. These disks are graduated near their edges with adjacent, 
logarithmic scales to form a circular slide rule approximately 
equivalent to a straight, 12-inch slide rule. Since the outer scale 
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Figure 4-55. DR Computer Slide Rule Face. 


usually represents a number of miles and the inner scale, a 
number of minutes, they are called the miles scale and the 
minutes or time scale, respectively. (Refer to figure 4-55.) 

The numbers on each scale represent the printed figure with 
the decimal point moved any number of places to the right or 
left. For example, the figure 12 on either scale can represent 1.2. 
12, 120, 1200, etc. 

Since speed (or fuel consumption) is expressed in miles (or 
gallons or pounds) per hour (60 minutes), a large, black arrow 
marked Speed Index is placed at the 60-minute mark. 

Graduations of both scales are identical. The graduations are 
humbered from 10 to 100 and the unit intervals decrease in size 
as the numbers increase in size. Not all unit intervals are num- 

> beted. The first element of skill in using the computer is a sure 


% knowledge of how to read the numbers. 


™ Reading the Slide Rule Face 

The unit intervals which are numbered present no difficulty. 
The problem lies in giving the correct values to the many small 
lines which Come between the numbered intervals. There are no 
mumbers given between 25 and 30 as shown in f igure 4-57, for 
cxample, but it ig obvious that the larger intermediate divisions 
a16,27, 28, and 29. Between 25 and (unnumbered) 26, there 


atiive smaller divisions, each of which would therefore be .2 
Of the larger Unit. 
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Figure 4-56. DR Computer Wind Face. 


Problems on the Slide Rule Face 


Simple Proportion. The slide rule face of the computer is so 
constructed that any relationship between two numbers, one on 
the miles scale and one on the minutes scale, will hold true for all 
other numbers on the two scales. Thus, if the two 10s are placed 
opposite each other, all other numbers will be identical around 
the circle. If 20 on the minutes scale 1s placed opposite 10 on the 
miles scale, all numbers on the minutes scale will be double 
those on the miles scale. This feature allows one to supply the 
fourth term of any mathematical proportion. Thus, the unknown 
in the equation 


| ae X 

45 80 
could be solved on the computer by setting 18 on the miles scale 
over 45 on the minutes scale and reading the answer (32) above 
the 80 on the minutes scale. It is this relationship that makes 
possible the solution of time-speed-distance problems. 

Time, Speed, and Distance. An aircraft has traveled 24 miles 

in 8 minutes. How many minutes will be required to travel 150 
miles? This is a simple proportion which can be written as 

24. .= 150 

8 x 


Setting the 24 over the 8 on the computer as illustrated in 
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Figure 4-57. Reading the Slide Rule Face. 


figure 4-58 and reading under the 150, we find the answer to be 
50 minutes. 

A problem that often occurs is to find the groundspeed of the 
aircraft when a given distance is traveled in a given time. This is 
solved in the same manner, except that the computer is marked 


DISTANCE TO FLY DISTANCE FLOWN 





150 MILES 24 MILES 
TIME TO FLY TIME IN FLIGHT 
x (50 MINUTES) 8 MINUTES 
\> 
(F fn te 


‘igure 4-58. Solve for X. 





with a speed index to aid in finding the correct proportion. In the 
problem just stated, if 24 is set over 8 as in the original problem, 
the groundspeed of the aircraft, 180 knots, is read above the 
speed index as shown. 

Example: To find distance when groundspeed and time are 

known. 

Given: Groundspeed 204 knots. 

Required: Distance traveled in | hour 15 minutes (75 

minutes). 

Solution: Set the speed index on the minutes scale to 204 on the 
miles scale. Opposite 75 on the minutes scale, read 255 nautical 
miles on the miles scale. The computer solution is shown in 
figure 4-59. The solutions for time and speed when the other 
variables are known follow the same basic format. See figures 
4-60 and 4-61. 

Seconds Index. Since | hour is equivalent to 3,600 seconds, a 
subsidiary index mark, called seconds index, is marked at 36 on 
the minutes scale of some computers. When placed opposite a 
speed on the miles scale, the index relates the scales for convert- 
ing distance to time in seconds. Thus, if 36 is placed opposite a 
groundspeed of 144 knots, 50 seconds is required to go 2 
nautical miles, and in 150 seconds (2 minutes 30 seconds) 6.0 
nautical miles are covered. Similarly, if 4 nautical miles are 
covered in 100 seconds, groundspeed is 144 knots (figure 4-62). 

Conversion of Distance. Subsidiary indexes are placed on 
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Figure 4-59. To Find Distance when Speed and Time are 
Known. 


Figure 4-62. Use of the Seconds Index. 


some computers to aid in the conversion of distances from one 
unit of measure to another. The most common interconversions 
are those involving statute miles, nautical miles, and kilo- 
meters. 

Statute-Nautical Mile Interconversion. The miles scale of the 
computer is marked with a statute mile index at 76 and a nautical 
mile index at 66. The units are interconverted by setting the 
known distance under the appropriate index and reading the 
desired unit under the other. 


is 















Lx sli ane : 

el ny ei Example: To convert 136 statute miles to nautical miles, set 
FACT 136 on the minutes scale under the STAT index on the miles 
Pare au scale. Under the NAUT index on the miles scale, read the 
Bint Hi 32 number of nautical miles (118) on the minutes scale (figure 
s89h 2 Ege Se: 
aN: F i 
he 136 STATUTE 

Figure 4-60. To Find Time when Speed and Distance are MILES 


Known. 
118 NAUTICAL MILES 





Figure 4-61. To Find Speed when Time and Distance are Figure 4-63. Statute Mile, Nautical Mile, Kilometer 
Known. Interconversion. - 
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Figure 4-64. To Multiply Two Numbers. 


Conversion of Nautical or Statute Miles to Kilometers. A 
kilometer index is indicated on the miles scale of the computer at 
122. When nautical or statute miles are placed under their 
appropriate index on the miles scale, kilometers may be read, on 
the minutes scale, under the Km index. 

Example: To convert 118 nautical miles to kilometers, place 
118 on the minutes scale under the NAUT index on the miles 
scale. Under the Km index on the miles scale, read kilometers 
(218) on the minutes scale. 

Multiplication and Division. To multiply two numbers, for 
example 12 x 2, the index (printed as 10 on the minutes scale) is 





Figure 4-66. Two Factors Determine Path of Aircraft. 
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Figure 4-65. To Divide One Number by Another. 
ih: 

placed opposite one of the numbers to be multiplied (12), ar 
product (24) is read on the miles scale above the other nu 
(2) on the minutes scale (figure 4-64). “a 
To divide one number by another, forexample 24 + :: 
divisor (8) on the minutes scale opposite the dividend (24 io 
miles scale, and read the quotient (3) on the miles scale opp : 
the index on the minutes scale (figure 4-65). | 
The rules for placing the decimal point are given in most 
algebra texts. However, in the computations encountered in air ® 
navigation, as in the above examples, a mental estimate will aid 
in placing the decimal point. 
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Figure 4-67. In 1 Hour, Aircraft Drifts Downwind an 
Amount Equal to Wind Speed. 


EFFECT OF WIND ON AIRCRAFT 


Any vehicle traveling on the ground, such as an automobile, 
moves in the direction in which it is steered or headed and is 
affected very little by wind. However, an aircraft seldom travels 
in exactly the direction in which it is headed because of the wind 
effect. 

Any free object in the air moves downwind with the speed of 
the wind. This is just as true of an aircraft as it is of a balloon. If 
an aircraft is flying in a 20-knot wind, the body of air in which it 
is flying moves 20 nautical miles in 1 hour. Therefore, the 
aircraft also moves 20 nautical miles downwind in | hour. This 
movement is in addition to the forward movement of the aircraft 
through the body of air. 

The path of an aircraft over the Earth is determined by the two 
unrelated factors shown in figure 4-66: (1) the motion of the 
aircraft through the air mass, and (2) the motion of the air mass 
across the Earth’s surface. The motion of the aircraft through the 
air mass is directly forward in response to the pull of the 
propellers or thrust of the jet units, and its rate of movement 
through the air mass is true airspeed. This motion takes place in 
the direction of true heading. This motion of the air mass across 
the Earth’s surface may be from any direction and at any speed. 
The measurement of its movement is called wind and is express- 
ed in direction and speed (W/V). 


Drift Caused by Wind 


The effect of wind on the aircraft is to cause it to follow a 
different path over the ground than it does through the air mass. 
The path over the ground is itstrack(Tr). The terms TC and Tr 





Figure 4-68. Effects of Wind on Aircraft Flying in Opposite Directions. 
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are often considered synonomous. True course represents the 
intended path of the aircraft over the Earth’s surface. Track is the 
actual path that the aircraft has flown over the Earth’s surface. 
True course is considered to be future, while track is considered 
to be past. 

The lateral displacement of the aircraft caused by the wind is 
called drift. Drift is the angle between the true heading and the 
track. As shown in figure 4-67, the aircraft has drifted to the 
right; this is known as right drift. 

With a given wind, the drift will change on each heading. A 
change of heading will also affect the distance flown over the 
Earth’s surface in a given time. This rate traveled relative to the 
Earth’s surface is known as groundspeed (GS). Therefore, with 
a given wind, the groundspeed (GS) varies on different head- 
ings. 

Figure 4-68 shows the effect of a 270°/20k wind on the 
groundspeed and track of an aircraft flying on headings of 000°, 
090°, 180°, and 270°. The aircraft flies on each heading from 
point X for 1 hour at a constant true airspeed. 

Note that on a true heading of 000°, the wind causes right 
drift, whereas on a true heading of 180°, the same wind causes 
left drift. On the headings of 090° and 270° there is no drift at all. 
Note further than on a heading of 090° the aircraft is aided by a 
tailwind and travels farther in 1 hour than it would without a 
wind; thus, its groundspeed is increased by the wind. On the 
heading of 270°, the headwind cuts down on the groundspeed 
and also cuts down the distance traveled. On the headings of 
000° and 180°, the groundspeed is somewhat increased. 


Drift Correction Compensates for Wind 


In figure 4-69, suppose the navigator wants to fly from point 
A to point B, on a true course of 000°, when the wind is 
270°/20k. If the navigator flew a true heading of 000°, the 
aircraft would not end up at point B but at some point downwind 
from B. 

By heading the aircraft upwind to maintain the true course, 
drift will be compensated for. The angle BAC is called the drift 
correction angle or, more simply, the drift correction. Drift 
correction is the correction which is applied to a true course to 
find the true heading. BAC is a minus correction. 

Figure 4-70 shows the drift correction necessary in a 270°/20k 
wind if the aircraft is to make good a true course of 000°, 090°, 
180°, or 270°. When drift is right, correct to the left, and the sign 


of the correction is minus. When the drift is left, correct to the | 


right, and the sign of the correction is plus. 


Vectors and Vector Diagrams 


In aerial navigation, there are many problems to solve involv- 
ing speeds and directions. These speeds and directions fit 
together in pairs; one speed with one direction. 

By using vector solution methods, unknown quantities can be 
found. For example, true heading, true airspeed, and wind 
velocity may be known, and track and groundspeed unknown. 
To solve such problems, the relationships of these quantities 
must be understood. 
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Figure 4-69. Aircraft Heads Upwind to Correct for 
Drift. 


The vector can be represented on paper by a straight line. The 
direction of this line would be its angle measured clockwise 
from true north, while the magnitude or speed is the length of the 
line compared to some arbitrary scale. An arrowhead is drawn 
on the line representing a vector to avoid any misunderstanding 
of its direction. This line drawn on paper to represent a vector Is 
known as a vector es cami or often it is referred to simply asa 






head of the other. This sum is known as the resultant vecto ve 
its construction, the resultant vector forms a closed fig re as 


of the order as long as the tail of one vector is connected ig th 
head of another. vy 
The points to remember about vectors are as follows; 
¢ A vector possesses both direction and magnitude. i 
¢ In aerial navigation, the vectors which we use have speed 
and direction. 
¢ When the componeats are represented tail to head in any 
order, a line connecting the tail of the first and the head of the 
last represents the resultant. 
¢ All component vectors must be drawn to the same scale. 


* 


1 
1 


March 1983 


LE SO LEA LAND LEAL SN LIL ALI LEAL LENDS 
Gr.w RS } 


a 


. Figure 4-70. Maintaining Course 


_ Wind Triangle and Its Solution 


A vector illustration showing the effect of the wind on the (W/V); this is the wind vector. A line connecting the tail of the 
flight of an aircraft is called a wind triangle. Drawalinetoshow air vector with the head of the wind vector is the resultant of 
the direction and speed of the aircraft through an air mass (TH these two component vectors; it shows the direction and speed of 
and TAS); this vector is called the air vector. Using the same __ the aircraft over the Earth (Tr and GS). It is called the ground 
scale, connect the tail of the wind vector to the head of the air _ vector. 


vector. Draw a line to show the direction and speed of the wind To distinguish one from another, it is necessary to mark each 


Figure 4-71. A Vector has both Magnitude and Figure 4-72. Resultant Vector is Sum of Component 
Direction. Vectors. 











Figure 4-73. Mark Each Vector of Wind Triangle. 


vector. Accomplish this by placing one arrowhead at midpoint 
on the air vector pointing in the direction of true heading. The 
ground vector has two arrowheads at midpoint in the direction of 
track. The wind vector is labeled with three arrowheads in the 
direction the wind is blowing. The completed wind triangle is 
shown in figure 4-73. 

Remember that wind direction and wind speed compose th 
wind vector. True airspeed and true heading form the air vector 
and groundspeed and track compose the ground vector. 

The ground vector is the resultant of the other two; hence, the 
air vector and the wind vector are always drawn head to tail. An 
easy way to remember this is that the wind always blows the 
aircraft from true heading to track. 

Consider just what the wind triangle shows. In figure 4-74, 
the aircraft departs from point A on the true heading of 360° at a 
true airspeed of 150 knots. In 1 hour, if there is no wind, it 
reaches point B at a distance of 150 nautical miles. 

In actuality, the wind is blowing from 270° at 30 knots. At the 
end of | hour, the aircraft is at point C, 30 nautical miles 
downwind. Therefore, the length BC represents the speed of the 
wind drawn to the same scale as the true airspeed. The length of 
BC represents the wind and is the wind vector. 

Line AC shows the distance and direction the aircraft travels 
over the ground in | hour. The length of AC represents the 
groundspeed drawn to the same scale as the true airspeed and 
wind speed. Thus, the line AC, which is the resultant of AB and 
BC, represents the motion of the aircraft over the ground and is 
the ground vector. 

Measuring the length of. AC determines that the groundspeed 
is 153 knots. Measuring the drift angle, BAC, and applying it to 
the true heading of 360°, results in the track of O11°. 

If two vectors in a wind triangle are known, the third one can 
be found by drawing a diagram and measuring the parts. Actual- 
ly, the wind triangle includes six quantities; three speeds and 
three directions. Problems involving these six quantities make 
up a large part of dead reckoning navigation. If four of these 
quantities are known, the other two can be found. This is called 
solving the wind triangle and is an important part of navigation. 

The wind triangle may be solved by trigonometric tables; 
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Figure 4-74. Wind Triangle. 


however, this is unnecessary since the accuracy of this method 
far exceeds the accuracy of the data:available and of the results 
needed. In flight, the wind triangle is solved graphically, either 
on the chart or on the vector or wind face of the computer. 

The two graphic solutions of the wind triangle—the char 
solution and computer solution—perhaps appear dissimilar al 
first glance. However, they work on exactly the same princi- 
ples. Plotting the wind triangle on paper has been discussed; 
now, the same triangle is plotted on the wind face of the 
computer. 

Wind Triangles on DR Computer. The wind face of the 
computer has three parts: (1) a frame, (2) a transparent circular 
plate which rotates in the frame, and (3) a slide or card which can 
be moved up and down in the frame under the circular plat. 
This portion of the computer is illustrated in figure 4-79. 

The frame has a reference mark called the TRUE INDEX. 4 
drift scale is graduated 45 degrees to the left and 45 degrees !0 
the right of the true index; to the left this is marked DRIFT 
LEFT, and to the right, DRIFT RIGHT. 

The circular plate has around its edge a compass rose gradu: 
ated in units of 1 degree. The position of the plate may be read on 
the compass rose opposite the true index. Except for the edge, 
the circular plate is transparent, so that the slide can be se! 
through it. Pencil marks can be made on the transparent surlact 
The center line is cut at intervals of two units by ait of 
concentric circles called speed circles; these are numbered @ 
intervals of 10 units. | 

On each side of the center line are track lines, which radiate 
from a point of origin off the slide as shown in figure 4-76. Ths 
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Figure 4-75 
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Figure 4-76. Speed Circles and Track Lines. 


the 14° track line on each side of the center line makes an angle 
of 14° with the center line at the origin. And the point where the 
14° track line intersects the speed circle marked 160 is 160 units 
from the ongin. 

In solving a wind tnangle on the computer. plot part of the 
tnangle on the transparent surface of the circular plate. For the 
other parts of the tangle, use the lines which are already drawn 
on the slide. Actually, there isn*t room for the whole tnangle on 
the computer, for the ongin of the center line is one vertex of the 
triangle. When learning to use the wind face of the computer, it 
may help to draw in as much as possible of each tangle. 

The center line from its origin to the grommet always repre- 
sents the air vector. If the true airspeed is 150 knots. move the 
slide so that 150 is under the grommet: then the length of the 
vector from the onigin to the grommet is 150 units as illustrated 
in figure 4-77A. 

The ground vector is represented by one of the track lines. 
with its tail at the origin and its head at the appropnate speed 
circle. If the track is 15° to the nght of the true heading. and the 
groundspeed is 180 knots. use the track line 15° to the right of the 
center line and consider the intersection of this line with the 180 
speed circle as the head of the vector as illustrated in figure 
4-77B. 

The tail of the wind vector is at the grommet and its head is at 
the head of the ground vector as shown in figure 4+-77C. 

Thus far. nothing has been said about the direction of the 
vectors. Since the true index is over the center line bevond the 
head of the air vector. this vector always points toward the 
index. Therefore. true heading is read on the compass rose 
opposite the true index. 

Since track is tue heading with the dnift angle applied. the 
value of track can be found on the scale of the circular plate 
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opposite the drift correction on the drift scale. The wind vedton 
drawn with its tail at the grommet as shown in figure 4-78 A$inee 
wind direction is the direction from which the wind blow S50 | 
indicated on the compass rose by the rearward extension Ofthe 
wind vector. Therefore, the most convenient way to draysthe 
wind vector is to set wind direction under the true indexggnc 
draw the vector down the center line from the grommet; the’Scale 
on the center line can then be used to determine the length ofthe 
vector. 3 

Conversely, to read a wind already determined, place. the 
head of the wind vector on the center line below the grommet 
and read wind direction below the true index. ” 

Wind Triangle Problems. Depending on which of the six 
quantities of the wind triangle are known and which are un- 
known, there are three principal types of problems to solve. 
They are to solve for (1) the ground vector, (2) the wind vector, 
and (3) true heading and groundspeed. The following discussion 
gives the steps for the computer solution for each type. Work 
each sample problem and notice that the same wind triangle Is 
shown on the computer that is shown on the chart, even though it 
is not completely drawn on the computer. 

To find ground vector when air vector and wind vector are 
known: 


Sample Problem: 

Given: TH 100° 
TAS 210k 
W/V 020/25k 

To Find: Tr and GS 


This type of problem arises when true heading and true 
airspeed are known by reading the flight instruments and when 
the wind direction and velocity are known from either the metro 
forecast or from determinations in flight. 
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6. Read the drift angle (7° right) by counting the number of 
degrees from the center line to the ground vector; that is, to the 


head of the wind vector. 
7. Determine track (107°) by applying the drift angle to the 


5. Read groundspeed (208k) on the speed circle which passes 
true heading. If the track is right of the center line, it is greater 


through the head of the ground vector. 


along one of the radiating track (Tr) lines with its head at the 
Now read the answers. 


head of the wind vector. 

than the true heading; so the drift angle must be added to the true 
heading. An alternate method of determining track on the com- 
puter is to read the drift angle at the head of the ground vector, 


then transform this value to the drift scale on the same side of the 
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2. Draw the wind vector from the grommet down the center 


line, making its length (25 units) along the speed scale to 


conform with the wind speed (25k). 
3. By rotating the compass rose, set the true heading (100°) 


under the true index. 
4. Slide the card up or down until the true airspeed (210k) 1s 


Study figure 4-79 and determine what has happened. By 
under the grommet. The wind triangle is now constructed on the 


flying on a true heading of 100° at a true airspeed of 210 knots in 
1. Set wind direction (020°) under the true index. 


Computer Solution: First, set the data: 





a wind of 020°/25k, the aircraft has actually moved over the 
ground along a track of 107° at a groundspeed of 208 knots. 


Figure 4-78. Draw Wind Vector Down from Grommet. 


computer as illustrated in figure 4 


Chart. 


ing 


To Find Track and Groundspeed Usi 


Figure 4-79 
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Figure 4-83. To Find True Heading and Groundspeed Using Chart. 
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Figure 4-84. To Find True Heading and Groundspeed Using Slip and Slide Method. 


3. Using the same scale as in step 1, open the dividers an 
amount equal to true airspeed (220k); then, from the head of the 
wind arrow, swing an arc with a radius of 220 nautical miles to 
intersect the true course line. 

4. Draw a line from the point of intersection of the arc and the 
_ true course line to the head of the wind arrow. 

5. To determine the true heading (238 1/2°), measure the 
direction of the air vector. 

6. To determine the groundspeed (179k), measure the length 
of the ground vector, using the same scale as before. 


COMPUTER SOLUTION. There are two methods to solve 
for true heading and groundspeed. They are the ‘‘slip and slide’’ 
method and the ‘‘juggle’’ method. Both will be discussed; 
however, the slip and slide method is normally preferred. 





Slip and Slide Method. (figure 4-84.) 

1. Set wind direction (270°) under the true index. 

2. Draw the wind vector down the center from the grommet, 
making its length along the speed scale correspond to the wind 
speed (SOk). 

3. Set the true course (230°) under the true index. 

4. Set end of wind vector on the true airspeed (220k) by 
moving the slide. 

5. Read drift left or right (8 1/2° left) 

6. Apply drift correction mathematically to true course and 
set this computed true heading under the true index (238 1/2°). 

7. Move the slide up until the grommet is on true airspeed 
(220k). The wind triangle is now set up correctly. 

8. Read groundspeed at the end of the wind vector (179k). 

The Juggle Method (figure 4-85.) 

First, set in the data: 

1. Set wind direction (270°) under the true index. 

2. Draw the wind vector down the center from the grommet, 
making its length along the speed scale correspond to the wind 
speed (SOk). 

3. Set the true airspeed (220k) under the grommet. 


4. Set the true course (230°) under the true index (figure 
4-85). | 

The wind triangle is set up incorrectly, for true course rather 
than true heading is set under the true index. However, since the 
true heading is not known, the true course is used as a first 
approximation of the true heading. This will give a first approx- 
imation of the drift angle, which can be applied to the true course 
to get a more accurate idea of the true heading. 

5. Determine the drift angle (10° left) on the approximate 
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Figure 4-85. To Find True Heading and Groundspeed 


Using the Juggle Method. 
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Figure 4-86. To Find Average Wind Using Chart. 


heading (230°) to obtain a second approximation of the true 
heading (240°). If the drift angle is right, the drift correction is 
minus; if it is left, the drift correction is plus. 

6. Set the second approximate heading (240°) under the true 
index. Read the drift angle for this heading (8° left). The wind 
triangle still is set up incorrectly. To be correct, the drift angle 
which is read at the head of the wind vector must equal the 
difference.between the true course and the true heading which is 
set under the true index. As it stands, the drift angle is 8° left, 
while the difference between true course and the indicated true 
heading is 10° left. 

7. Juggle the compass rose until the drift angle equals the 
difference between true course and true heading. In this exam- 
ple, the correct drift angle is 8 1/2° left. 

Now the wind triangle is set up correctly. 

8. Read the true heading (238 1/2°) under the true index. 

9. Read the groundspeed (179k) on the speed circle passing 
through the head of the wind vector. 


Average Wind Affecting Aircraft 


An average wind is an imaginary wind which would produce 
the same wind effect during a given period as two or more actual 
winds which affect the aircraft during that period. Sometimes an 
average wind can be applied once instead of applying each 
individual wind separately. 

If the wind directions are fairly close together, a satisfactory 
average wind can be determined by arithmetically averaging the 
wind directions and wind speeds. However, the greater the 
varition in wind direction, the less accurate the result will be. 

It is generally accepted that winds should not be averaged 
arithmetically if the difference in directions and speeds exceeds 
090° and (or) 15 knots. In this case, there are other methods 
which may be used to obtain a more accurate average wind. A 
chart solution is shown in figure 4-86. 

COMPUTER SOLUTION. Winds can be averaged by vec- 
toring them on the wind face of the DR computer using the 
square grid portion of the slide and the rotatable compass rose. 
Average the following three winds by this method—030°/ 15k, 
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080°/20k, and 150°/35k: 


ae grid portion is directly under the grommet and the c com- 
pass rose is oriented so that the direction of the first wind (030 7 
is under the true index. The speed of the wind (15k) Is drawn ¥ 
down from the grommet (figure 4-87A). ‘ " h | 

2. Turn the compass rose until the direction of the second ~ 
wind (080°) is under the true index and then reposition the: slide , 
so that the head of the first wind vector is resting on the cop ln 
of the square grid section of the slide. Draw the speed of the 
second wind (20k) straight down (parallel to the vertical grid 
lines) from the head of the first wind arrow (figure 4-87B). 

3. Again turn the compass rose so that the direction of the 
third wind (150°) is under the true index and reposition the slide 
so that the head of the second wind vector is resting on the top 
line of the square grid section of this slide. Draw the speed of the 
third wind (35k) straight down from the head of the second wind 
arrow (figure 4-87C). , 

4. Turn the compass rose so that the head of the third wind 
arrow is on the center line directly below the grommet and 
reposition the slide to place the grommet on the top line of the 
square grid section of the slide. The direction of the resultant or 
average wind may be read directly beneath the true index ( 108"). 
The wind speed is determined by measuring the length of the 
resultant wind vector (46) on the square grid section of the slide 
and dividing it by the number of winds used (3). This will givea 
wind speed of 15 1/3 knots or 15 1/2 knots which is as close as I 
is possible to read the computer. The average wind then Is 
108°/15 1/2k (figure 4-87D). 

In some cases, because of the number of winds to be averaged 
or because of high wind speeds, it is not possible to draw in all 
the wind vectors on the computer unless the wind speeds are cut 
by 1/2 or 1/3, etc, before drawing the vector. If one winds 
is cut, all wind speeds must be cut. In determining the resultant 
wind speed, the length of the total vector must be multiplied by - 
or 3, depending on how the wind speed was cut, and then 
divided by the total number of winds used. In cutting the speeds, 
the direction is not affected and the wind direction is read under 
the true index. 
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A. First wind is drawn down 
from the grommet. 
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Figure 4-87. To Find Average Wind Using Computer. 
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Figure 4-88. Weight Winds in Proportion to Time. 


Wind effect is proportional to time (figure 4-88). To sum up 
two or more winds which have affected the aircraft for different 
lengths of time, weight them in proportion to the times. If one 
wind has acted twice as long as another, its vector should be 
drawn in twice as shown. In dividing to get the average wind 
speed, of course, this wind must be counted twice. 


Resolution of Rectangular Coordinates 


Data for radar equipment is often given in terms of rectangu- 
lar coordinates, therefore, it is important that the navigator be 
familiar with the handling of these coordinates. The DR compu- 
ter provides a ready, easy method of interconversion. 

Example: Converting wind to rectangular coordinates (figure 
4-89). 

Given: A wind of 340°/25k to be converted to rectangular 
coordinates. 

Procedure: 

1. Plot the wind on the computer in the normal manner. Use 
the square grid side of the computer slide for the distance. 

2. Rotate the compass rose until north, the nearest cardinal 
heading, is under the true index. 

3. Read down the vertical scale to the line upon which the 
head of the wind vector is now located. The component value 
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Figure 4-89. Convert Wind to Rectangular Coordinates. 


(23) is from the north under the true index. 
4. Read across the horizontal scale from the center line to the 


head of the wind vector. The component value (9) is from the 


west. The wind is stated rectangularly as N-23, W-9. 
Example: Converting rectangular coordinates to a wind. 
Given: Coordinates, S-30, E-36, to convert to a wind. 
Procedure: 

1. Use the square grid side of the computer. 

2. Place either cardinal heading (east or south) under the true 
index and the grommet on zero of the square grid. 

3. Read down from the grommet along the center line for the 
value (30) of the cardinal direction under the true index. 

4. From the other cardinal direction (east), read horizontally 
along the value located in step 3 from the center line of the value 
of the second cardinal direction and mark the point. 

5. Rotate the compass rose until the marked point is over the 
center line of the computer. 

6. Read the wind direction (130) under the true index and 
velocity (47 knots) from the grommet to the point marked. 
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BEARINGS AND LINES OF POSITION 


d dead reckoning techniques can result in fairly accurate 
is. But, even when employing the very best techniques, 





- position is free of any errors due to dead reckoning and is called 
a fix. A fix is simply a point from which the navigator can restart 
dead reckoning just as if it were the takeoff point. 


Lines of Position 


It is possible to solve part of the fix problem without knowing 
your exact location. For example, assume you are in a strange 
town and you call a friend to meet you downtown. If you tell this 
person that you are somewhere on Park Street, your friend can 
limit any search for you to that particular street. In this case, 
Park Street is a line of position (LOP). A line of position is a 
series of possible positions or fixes. It can be a straight line (such 
as a City street) or a curved line (such as a river), but it gives a 
definite clue to your position. 





Figure 5-1. LOP Parallel to Track is Course Line. 
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Chapter 5 


LINES OF POSITION, BEARINGS, AND FIXES 


If you tell your friend that you are at Park Street where it 
crosses the Karuzas River, it would then establish your exact 
location. You have used two LOPs to determine your exact 
position. Thus, two intersecting LOPs identify a point which 
establishes a fix. 

You can use the same procedure as a navigator. You may be 
flying along a railroad that you identify as the Jedicke Railroad 
on your chart. As you continue on this course, you notice the 
railroad crosses a river that is labeled the King River on your 
chart. When you fly over the point where these two visual LOPs 
cross, you know your exact location over the ground and on your 
chart. You now have a fix from which you can continue dead 
reckoning. 


Types of LOPs 


A fix gives definite information as to both track and ground- 
speed of an aircraft since the last fix, but a single LOP can only 
define either the track or the groundspeed—not both. And it 
may not clearly define either. The evidence obtained from an 
LOP depends upon the angle at which it intersects track. LOPs 
are sometimes classified according to this angle. 

Course Line. An LOP which is parallel or nearly parallel to 
the course is called a course line (figure 5-1). It gives informa- 


. | 


Figure 5-2. LOP Perpendicular to Track is Speed Line. 
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tion as to possible locations of the aircraft laterally in relation to 
the course; that is, whether it is to the right or left of course. 
Since it does not indicate how far the aircraft is along the track, 
no speed information is provided. 

Speed Line. An LOP which is perpendicular (or nearly so) to 
the track is called a speed line (figure 5-2), since it indicates how 
far the aircraft has traveled along the track, and thus is a measure 
of groundspeed. It does not indicate whether the aircraft is to the 
right or left of the course. 

Lines of Position by Bearings. One method of determining a 
line of position is to establish the direction of the line of sight toa 
known, fixed object. Some navigators use a periscopic sextant 
(normally used for celestial navigation) to get a fairly accurate 
sighting on a prominent landmark or object. The illustration in 
figure 5-3 shows a line of sight from the aircraft to a fixed object 
on the ground. The direction of the line of sight is the bearing of 
the object from the aircraft. A line plotted in the direction of the 
bearing is a line of position. At the time of the observation, the 
aircraft was on the line of position. 

Relative Bearings. A relative bearing is the angle between the 
fore-and-aft axis of the aircraft and the line of sight to the object, 
always measured clockwise from 000° at the nose of the aircraft 
through 360°. In figure 5-4, the relative bearing of the object is 
shown as 070°. You must convert this to a true bearing before 
you can plot it. To do this, you simply add the relative bearing to 
the true heading the aircraft was flying when you obtained the 
bearing. (Subtract 360° if the total exceeds this amount.) Thus: 


TB=RB+TH 


where: 

TB is the true bearing, 

RB is the relative bearing, and 

TH is the true heading. 

Assuming the aircraft was on a true heading of 210° when the 
yearing was taken, the corresponding true bearing of the object 
is 280°. 





‘igure 5-3. Establish a Visual LOP. 
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Figure 5-4. True Bearing Equals Relative Bearing Plus 
True Heading. 


Plotting the LOP 


As previously stated, two intersecting LOPs determine the 
position of the aircraft. The only othér possible point from 
which to begin plotting the LOP is the object on which you took 
the bearing. The procedure is to use the reciprocal of the true 
bearing of the object, thus drawing an LOP toward thekaircraft. 
In actual practice, it is not necessary to compute the reciprocal of 
the bearing; the true bearing is measured with the plotter, and the 
LOP is drawn towards the opposite end of the plotter. 

To establish an LOP by relative bearing, the navigator must 
know: 
¢ The position of the source (object) of the bearing. 
¢ The true heading of the aircraft. 
¢ The relative bearing of the object. 
¢ The exact time at which the true heading and relative bearings 
were taken. Figure 5-5 shows the procedure to follow. 
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Figure 5-5. Procedures for Plotting LOP. 
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Figure 5-6. Adjusting LOPs for Fix. 


FIXES 
Adjusting LOPs for a Fix 


Sometimes, it is impossible for an air navigator to obtain 
more than one LOP at a given time. If two LOPs are for two 
different times, their intersection does not constitute a fix be- 
cause the aircraft moved between the time it was on the first LOP 
and the second LOP. 

The illustration in figure 5-6 shows a bearing taken at 1055 
and another at 1100. At 1055, when the navigator took the first 
bearing, the aircraft was somewhere along the 1055 line of 
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FIX 


Figure 5-7. Use Center of Triangle for Fix. 
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TR = 045° 
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TIME = 5 min 
DISTANCE = 25 NM 











position (single-barbed LOP) and, at 1100, it was somewhere 
along the 1100 LOP. The intersection of these two lines, as 
plotted, does not constitute a fix. For an intersection to become 
fix, the navigator must either obtain the LOPs at the same time 


or adjust them to a common time by using the motion of the 
aircraft between the observations. The usual method of adjust- 


ing an LOP for the motion of the aircraft is to advance one line to 


the time of the other. The illustration in figure 5-6 shows how 
this is done. The desired time of the fix is 1100. 


1. Determine the time interval to advance the 1055 LOP (5 
minutes) and multiply this time by the groundspeed of the 
aircraft (300 knots). 


eeeeee Segeas . 
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Figure 5-8. The Running Fix. 


2. Take the distance computed in the first step and measure it 
in the direction of the track of the aircraft (045°). 

3. Draw a line through this point parallel to the 1055 LOP 
(double-barbed LOP). This represents the advanced LOP. The 
intersection of the advanced LOP and the 1100 LOP is the fix. 

The advanced LOP is usually plotted on the chart with two 
arrowheads, while the unadvanced LOP is marked with a single 
arrowhead. 

When three LOPs are involved, the procedure is exactly the 
same as for only two. The resolution of three LOPs, however, 
may result in a triangle instead of a point, and the triangle may 
be large enough to vary the position of the fix. The technique 
most Air Force navigators use is to place the fix at the center of 
the triangle. The illustration in figure 5-7 shows a technique for 
finding the center of the triangle by bisecting the angles of the 
tangle. The point of intersection of the bisectors is equal 
distance from all three LOPs and is the fix position. 


The Running Fix 


It is possible to establish an aircraft position by a series of 
bearings on the same object. For best accuracy, these relative 





bearings are taken when the object is approximately 45°, 90°, 
and 135° from the aircraft. The navigator then advances or 
retards the LOPs to acommon time. The result is a running fix. 
The accuracy is based on the aircraft’s distance from object and 
the amount of time it takes to go from the first bearing to the last 
bearing, since you must move two of the LOPs for the aircraft's 
track and groundspeed. The running fix is illustrated in figure 
5-8. 


Accuracy of a Fix 


The accuracy of a fix can sometimes be improved by the use 
of a little foresight. If the track of the aircraft is known more 
accurately than the groundspeed, the course line should be 
adjusted since any error in the groundspeed will have little effect 
on it. If, however, you desire to adjust a speed line under these 
conditions, the accuracy of the fix is in doubt. Similarly, if the 
groundspeed is known more accurately than the track, the speed 
line should be adjusted to the time of the course line. The line 
which will be affected least by the information in doubt is the 
line which should be adjusted. 
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Chapter 6 


MAP READING 


Map reading is the determination of aircraft position by 
matching natural or built-up features with their corresponding 
symbols on a chart. It is one of the more basic aids to DR and 
certainly the earliest used form of aerospace navigation. The 
degree of success in map reading depends upon a navigator’s 
proficiency in chart interpretation, ability to estimate distance, 
and the availability of landmarks. 


CHECKPOINTS 


Checkpoints are landmarks used to fix the position of the 
aircraft. Basically, a checkpoint is a fix that has been antici- 
pated, and the position of the fix, relative to its anticipated 
position, is the main information derived. Arrival over check- 
points at anticipated times is a confirmation of the accuracy of 
the wind prediction and indicates reliability of the predicted 
track and groundspeed. If the aircraft passes near but not over a 
checkpoint, the anticipated track was not made good. If check- 
points are crossed but not at the predicted time, the anticipated 
groundspeed was in error. 

Prudent navigators are quick to observe and evaluate the 
difference between an anticipated position and an actual posi- 
tion. They must make corrections to maintain their intended 
course as soon as possible because small errors can be cumula- 
tive and may eventually result in the aircraft becoming lost. It 
might also be important to closely monitor time control. On 
many map reading missions, the aircraft is required to pass over 
certain checkpoints at exact times. On these missions, naviga- 
tors must adjust the aircraft’s airspeed to make good their 
anticipated groundspeeds. 

Before fixing each position, navigators should look for sever- 
al related details around each checkpoint to make sure it has 
been positively identified. For example, if the checkpoint is a 
small town, there may be a lake to the north, a road intersection 
to the south, and a bridge to the east. Generally, it is better to 
select a feature on the chart and then seek it on the ground, rather 
than to work from the ground to the chart. The chart does not 
show all the detail which is on the ground, and one could easily 
become confused. 

Checkpoints should be features or groups of features which 
Stand out from the background and are easily identifiable. In 
open areas, any town or road intersection can be used; however, 
these same features in densely populated areas are difficult to 
distinguish. Figures 6-1, 6-2, 6-3, and 6-4 compare various 
chart and corresponding photo areas and list the features to look 

for when identifying landmarks as checkpoints. 


CHART SELECTION 


A chart should be used for map reading that will provide 
sufficient natural and built-up features to accurately position the 
aircraft. The Operational Navigation Chart (ONC), with a scale 
of 1:1,000,000, has excellent cultural and relief portrayal. For 
increased detail, a Tactical Pilotage Chart (TPC), with a scale of 
1:500,000, or a Joint Operations Graphics Chart (JOG), with a 
scale of 1:250,000, may be used. 


MAP READING PROCEDURES | 


When in flight, orient the chart so that north on the chart is 
toward true north. The course line on the chart will then be 
aligned with the intended course of the aircraft so that landmarks 
on the ground appear in the same relative position as the features 
on the chart. Obtain the approximate position of the aircraft by 
DR. Select an identifiable landmark on the chart at or near the 
DR position. It is important to work from the chart to the ground 
since the chart may not portray all of the features visible on the 
ground. Identify the landmark selected and fix the position of 
the aircraft. The importance of a good DR cannot be over 
emphasized. 

When there is any uncertainty of position, every possible 
detail should be checked before identifying a checkpoint. The 
relative positions of roads, railroads, airfields, and bridges 
make good checkpoints. Intersections and bends in roads, rail- 
roads, and rivers are equally good. When a landmark ts a large 
feature such as a major metropolitan area, select a small promi- 
nent checkpoint within the large landmark to fix the position of 
the aircraft. 

When a landmark is not available as a reference at a scheduled 
turning point, make the turn on the ETA. Extend the DR position 
to the next landmark and fix the position of the aircraft to make 
sure the desired course and groundspeed are being maintained. 
Remember that the desired magnetic course on any given leg 
corrected for drift is the magnetic heading which will parallel 
course. This will help to keep from getting any farther off 
course. 


Low Level Map Reading 


On low level flights, navigators may encounter additional 
difficulties. Most modern aircraft have a drift angle and ground- 
speed readout available. It can be derived from a Doppler radar 
set or from an INS. But, should one of the devices fail, accurate 


AFM 51-40 


ee 


15 March 1983 





West 





Ne 


Maa, BF St ce. 


e * ~ 
Ee i 
Ae en “E-h.  oe 
i eh-e,. Ye rs alm dha 
out > Sed ean SY = 





. 
~ 


Ee 


A ws ¥ ed Tap 





»\ | HEAVILY POPULATED AREAS | 















@ Large cities with definite shape. 





@ Small cities and towns, close together 










®@ Small cities with some outstanding with no definite shape on chart. 

check point; river, lake, structure, easy 

to identify from others. @ Small cities or towns with no out- 
@ Prominent structures, speedways, rail- standing check points to identify them 

road yards, underpasses, rivers ond from others. 

es. 
@ Regular highways and roads, tingle 
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e 6-1. Landmarks as Checkpoints, Heavily Populated Areas. 


observations are hampered by the speed with which the — above-ground-level (AGL), the circle of visibility can be greatl) 
~ . . . r . * -_cere 3 : 3 : . ; { 

id seems to rush by. Air turbulance increases the difficulty reduced, and those objects that are visible pass by so rapidly tha 

trument observations. Depending on the aircraft’s altitude only the boldest landmarks can be easily recognized. 
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@ Coastline with unusual features. @ General rolling coastline with 
no distinguishing points. 






@ Lighthouses, towns, cities, structures, 
distinct islands and reefs. 
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‘igure 6-2. Landmarks as Checkpoints, Coastal Areas. 
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In low level navigation, preflight planning is especially im- checkpoints. An important part of good mission planning 1s 
ortant as there is little time for in-flight computations. The proper chart preparation. The most commonly used chart for 
“Ourses should be laid out to take full advantage of prominent low level work is the Tactical Pilotage Chart (TPC) with a scale 
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| : @ Prominent peaks, cuts and passes, | @ Smaller peaks and ridges, similar 
‘| gorges. in size and shape. 


| @ General profile of ranges, trans- 
mission lines, railroads, large 
bridges over gorges, highways, 
lookout stations, dams, and lakes. 
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ure 6-3. Landmarks as Checkpoints, Mountainous Areas. 


:500,000. Courses es be laid out on the chart into each course line of each leg will give navigators a running DR wi 
kpoint with radius ees taken into account after each turn. the aid of a stopwatch. 
e elapsed marks an¢ Clstance remaining marks along the In low leve flight, one should be particularly alert to possible 
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| Landmarks as Check Points 


| @ Transmission lines and railroad @Trails and small roads without 
right-of-ways. Roads and highways,| cleared right-of-ways. 
bridges, cities, towns and villages, 
forest lookout towers, farms. 


ee . | @ River, lakes, marked terrain fea- 


tures, ridges, mountains, clearings, | breaks or outstanding characteris- 
open valleys. tics of terrain. 





Figure 6-4. Landmarks as Checkpoints, Forested Areas. 


an from obstructions. Hills and mountains are easily 
a if the visibility is good. Radio and television masts, 
ich may extend as much as 1,000 feet or more into the air, 


often from elevated ground, are less conspicuous. All such 
obstructions may or may not be shown on the aeronautical charts 
being used. This points out the importance of keeping all charts 


Figure 6-5. Landmarks at Night. 


updated as to the location of towers that have been constructed 
since the chart was published. This 1s done with the Chart 
Update Manual (CHUM). The CHUM lists all current naviga- 
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tional charts and any important changes to them. The practice of 
updating charts in this manner is usually called ‘*CHUMing 
charts.”’ 
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Map Reading at Night distance from a landmark rests largely in skill and experience, 
the following methods may be of assistance. One method is to 

During hours of darkness, an unlighted landmark may be compare the distance to a landmark with the distance between 
difficult or impossible to see. Lights can be confusing because _ two other points as measured on the chart. Another method, 
they appear closer than they really are. Fixing on points other — shown in figure 6-6, is to estimate the angle between the aircraft 
than those directly beneath the aircraft is very difficult. Objects | subpoint and the line of sight. The distance in nautical miles 
are more easily seen by scanning or looking at them indirectly; from the landmark to the subpoint of the aircraft depends on the 


this eliminates the eye’s visual blind spot commonly encoun- _ sighting angle: 
tered at night. Navigators should preserve their night vision by (60°) horizontal distance = absolute altitude < 1.7 
working with red light. (45°) horizontal distance = absolute altitude 
In moonlight, some of the prominent, unlighted landmarks (30°) horizontal distance = absolute altitude x .6 
are visible from the air. Coastlines, lakes, and rivers are usually Cross-check the validity of the estimate by sighting land- 


seen without difficulty. Reflected moonlight often causesariver marks on each side of the aircraft and comparing the results. 

or lake to stand out brightly for a moment, but this condition is 

usually too brief for accurate fixing. By close observation, roads Seasonal Changes 

and railroads may be seen after the eyes are accustomed to the 

darkness. Seasonal changes can conceal landmarks or change their 
Lighted landmarks such as cities and towns stand out more appearance. Small lakes and rivers may dry up during the 

clearly at night than in daytime. Figure 6-5 illustrates atypical | summer. Their outlines may change considerably during the wet 

night view of the Merced, California, area. Large cities can _—_ season. Snow can cover up almost all of the normally used 

often be recognized by their distinctive shapes. Many small landmarks. When flying in the winter, it is often necessary to 

towns are darkened at night and are not visible. Airfields with rely on more prominent checkpoints such as river bends, hills, 

distinctive light patterns may be used as checkpoints. Military _ or larger towns. However, due to the size of these checkpoints, 

fields use a double white and single green rotating beacon, while — course control can be somewhat downgraded. 

civilian fields use a single white and single green rotating 

beacon. Early in the evening, busy highways are discernible Map Reading in High Latitudes 

because of automobile headlights. 


Map reading in high latitudes is considerably more difficult 
Estimating Distance than map reading in the lower latitudes. The nature of the terrain 


is drastically different, charts are less detailed and less precise, 
A landmark often falls right or left of course and the navigator seasonal changes may alter the terrain appearance or hide it 


must estimate the distance to it. While the ability to estimate | completely from view, and there are fewer cultural features. 
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Figure 6-6. Estimating Distances. 
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In high latitudes, navigators find few distinguishable features 
from which to determine a position. Built-up features are practi- 
cally nonexistent. The few which do exist are closely grouped, 
offering little help to the navigator flying long navigation legs. 
Natural features which do exist are in limited variety and are 
difficult to distinguish from each other. As illustrated by figure 
6-7, lakes seem endless in number and identical in appearance. 
The countless inlets are extremely difficult to identify, particu- 
larly in winter. What appears to be land may in reality be 
floating ice, the shape of which can change from day to day. 
Recognizable, reliable checkpoints are few and far between. 

Map reading in high latitudes is further complicated by in- 
adequate charting. Some polar areas, as shown in figure 6-7, are 
yet to be thoroughly surveyed. The charts portray the appear- 
ance of general locales, but many individual terrain features are 
merely approximated or omitted entirely. In place of detailed 
outlines of lakes, for example, charts often carry the brief 
annotation—‘‘many lakes.’’ A fix is possible, but requires 
extended effort and keen judgment on the part of the navigator. 

When snow blankets the terrain from horizon to horizon, 
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navigation by map reading becomes acutely difficult. Coastal 
ice becomes indistinguishable from the land, coastal contours 
appear radically changed, and many inlets, streams, and lakes 
disappear. 

Blowing snow may extend to heights of 200 to 300 feet and 
may continue for several days, but visibility is usually excellent 
in the absence of interfering clouds or ice crystal haze. Howev- 
er, when snow obliterates surface features and the sky is covered 
with a uniform layer of clouds so that no shadows are cast, the 
horizon disappears, causing Earth and sky to blend together. 
This forms an unbroken expanse of white called ‘‘whiteout.”’ In 
this complete lack of contrast, distance and height above ground 
are virtually impossible to estimate. Whiteout is particularly 
prevalent in northern Alaska during late winter and spring. The 
continuous darkness of night presents another hazard; neverthe- 
less, surface features are often visible because the snow is al 
excellent reflector of light from the Moon, the stars, and the 
aurora. 
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Figure 6-8. Use of Hachures on Contour Map. 


Contour Map Reading 





Use of contours is the most common method of showing relief 
| features on a chart. Contours are lines that, at certain intervals, 
Connect points of equal elevation. To understand contours bet- 
' ler, think of the zero contour line to be sea level. If the sea were 
torise 10 feet, the new shore line would be the 10-foot contour 
Similarly, successive 10-foot contour lines could be easily 

ed. Contour lines are closer together where the slope is 
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steep and farther apart where the slope is gentle. Within the 
limits of the contour intervals, the height of points can be 
determined from the chart and the angle of slope can also be 
determined. Refer to figure 2-35 for an illustration of the use of 
contour lines. 

Contour intervals are determined by the scale of the chart, the 
amount of relief, and the accuracy of the survey. These intervals 
may range from | foot on a large scale chart through 2,000 feet 
or greater on a smaller scale chart. Contours may be shown on 
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charts in varying colors and are frequently labeled with ‘‘figures 
of elevation.’’ To further accentuate the terrain, a gradient 
system of coloring is also employed. The lighter colors are used 
to show lower areas while a gradual increase in density (dark- 
ness) is used to portray the higher terrain. 

Military operations require the analysis of contour-labeled 
charts to visualize the land. In operational planning, this is of the 
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utmost importance, whether it is planning a route fora safe flig 
or in determining the best escape from enemy teritory. 
On charts of poorly known areas, mountains may be indicated 
by hachures or shading lines, with the elevations of peaks give 
as accurately as they are known. Hachures may be used on 
charts to show prominent hills or buttes too small to showy 
otherwise because of the large contour interval (figure 6-8). 
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Chapter 7 


The first airborne radio was used to enable the pilot to keep 


nformed of weather along flightpath. The gradual development 
if directional radio equipment made possible a system of radio 


vutes (beams) which eventually formed aerial highways. World 


War II fostered the development of several new radio aids, the 
nost important of which were LORAN and radar. 

The rapid growth of our air traffic following World War II 
lecessitated improved radio aids for instrument navigation and 
raffic control. Some of the aids developed were the VOR 
ystem, TACAN, IFF/SIF, and improved communication equip- 
nent. These terms are explained and discussed in this chapter. 
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RADIO 

Very low frequency 
Low frequency 
Medium frequency 
High frequency 
Very high frequency 
Ultra high frequency 
Super high frequency 


4 _Extremely higl high frequency _ 
HEAT AND INFRARED 
VISIBLE SPECTRUM 
ULTRAVIOLET 
X-RAYS 
GAMMA RAYS 
COSMIC RAYS 


Figure 


Tl, Electromagnetic Spectrum. 


RADIO AND RADIO AIDS TO NAVIGATION 


FUNDAMENTALS 


Frequency Classification 





Frequency range 


Below 30 KHz 

30 to 300 KHz 

300 to 3,000 KHz 
3,000 to 30,000 KHz 


| 30 to 300 MHz 


300 to 3,000 MHz 
3,000 to 30,000 MHz 


| 30,000 to 300,000 MHz 


3 x 10" to 3.6 x 10 Hz 
3.6 x 10" to 7.8 x 10" Hz 
7.8 x 104 to 2.4 x 10'* Hz 
6x 10% to 5x 10" Hz 
6x 10" to 6 x 10” Hz 

3 x 10 to 102 Hz (+) 


Energy in the frequency of 20 to 20,000 hertz (Hz) is capable 
of carrying audible communications. This frequency range is 
called the audio-frequency (AF) band. 

NOTE: The National Bureau of Standards has adopted the hertz 
(Hz) as the Standard Unit Notation for measures of frequency. 
Thus, 60 cycles per second has become 60 Hz units, 400 CPS 
has become 400 Hz units, and so on. The name is in honor of 





WAVE LENGTH 


+ | 


30,000 m 
10,000 m 
1,000 m 
100 m 

10m 

100 cm 

10 cm 

lcm 

107 cm 

8.3 x 10cm 
3.8 x 10% cm 
5x10*%cm 
5x10°%cm 
10° cm 








10,000 m 
1,000 m 
100 m 

10m 

Tm 

10 cm 

lcm 

0.1 cm 
8.3 x 10°cm 
3.8 x 10% em 
1.2 x 10% cm 
6x10"cm 
5x10" em 


shorter than 
3x10" cm 





REFLECTION 


REFRACTION 


Figure 7-2. Properties of Radio Waves. 


Heinrich Rudolph Hertz, discoverer of electromagnetic waves. 

The range of frequencies used in radio communications is 
called the radio spectrum. Radio frequencies extend from 
approximately 10 kHz to 300,000 MHz and have been arbitrari- 
ly divided into. bands (figure 7-1). 

Radio waves, like light waves, undergo reflection, refraction, 
diffraction, and absorption, and become attenuated (reduced in 
amplitude) as they travel from the source (figure 7-2). 

Reflection. Reflection is the sharp change in the direction of 
travel of an incident wave which occurs at the surface of a 
medium. The waves ‘‘bounce’’ from the reflecting surface. A 
common example of this is the reflection of a beam of light from 
a mirror. All types of waves can be reflected under certain 
conditions. Radio waves are no exception. When reflection 
occurs, the angle of incidence is exactly equal to the angle of 
reflection. 

Refraction. Electromagnetic energy emitted from a hypothe- 
tical ‘‘point’’ source (such as an antenna) travels in all directions 
in a series of ever-expanding, concentric spheres. A small 
portion of one of these spheres is termed the wave front. At a 
considerable distance from the antenna, the spherical nature of 
the wave front is less evident and it appears as a plane at right 
angles to the direction of energy propagation. Refraction is the 
bending of wave fronts as they pass obliquely from one medium 
to another or through a medium of varying density. The refrac- 
tion, or bending, is caused by a difference in the speed of the 
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waves through two mediums. The mediums through which 
radio waves travel are the various strata or layers of ionized 
gases which surround the Earth called the ionosphere. 


Diffraction. Diffraction of electromagnetic enery occurs 
when energy travels near the edge of solid objects through which 
it cannot pass. Again, the concept of the wave front may be used 
to explain the process. 

Absorption. Absorption is the loss of radio energy within a 
medium resulting from its conversion into heat. Radiated energy 
is absorbed by objects on the surface of the Earth, such as trees 
and buildings, and by the Earth itself. The radiated energy i 
said to be attenuated as it passes through a medium. 


Electromagnetic Propagation 


Behavior of Radio Waves. Radio waves are generally classi 
fied as ground waves, sky waves, or direct waves according t¢ 
the path along which they travel to the receiver (figure 7-3). The 
properties of each are as follows: 

1. Ground Waves. Radiated energy which follows the surface 
of the Earth is called the ground wave. Transmission frequency) 
and transmitter power determine the distance a ground wave Cal 
be used for reliable reception. Ground wave signals in the low 
and medium frequency bands can be received reliably at dis 
tances of several hundred miles. As transmission frequency 
increases, ground wave coverage decreases rapidly. At VHI 
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Figure 7-3. Ground Waves, Sky Waves, and Direct Waves. 
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igure 7-4. Skip Distance and Skip Zone. 


nd higher frequencies, ground wave coverage is limited to only 
few miles. 

2. Sky Waves. Sky waves are radio waves which are refracted 
y the Earth’s atmosphere. Radio communications between 
istant points on the Earth depends principally upon sky waves. 

As frequency is increased from the LF band through the HF 
and, skip distance becomes greater and greater until the VHF 
and is reached. Although VHF skip signals are not uncommon, 
N most instances, ionospheric refraction is not sufficient to 
etum these signals to Earth. UHF and higher frequencies are 
efracted to an even lesser degree than VHF 

Whether or not a given wave returns to the Earth depends on 
he degree of ionization, wave radiation angle, and the transmis- 
ion frequency of the signal. 

3. Direct Waves. Radio energy which follows a line-of-sight 
ath between a transmitter and a receiver is called a direct wave. 
Normal air-to-ground communications in the VHE, UHF, and 
ligher bands rely on the use of direct waves. 

Skip Distance. For a given frequency, there is a minimum 
listance from the transmitting antenna within which sky waves 
re not received. This minimum distance is called skip distance. 
Nhen the distance covered by ground waves is less than the skip 
listance, a skip zone occurs between the outer limit of the 
round waves and the first sky wave. Skip distance and skip 










Hther Considerations. Since radio waves are influenced by 


Effect. There is a period of time during sunrise and 
twhen ground waves and sky waves overlap because of 


B the correct signals. 

Fading. Fading occurs when a single transmission of radio 
ergy alrives at a receiver as both a ground wave and a sky 
wave, or two different sky waves. If the two waves arrive in 
Phase, they reinforce each other, resulting in a stronger signal. If 
they arrive in opposite phase, however, they tend to cancel each 
other. The changing phase relationship of two such signals 
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Causes intermittent fading. 

Shore Line Effect. When ground waves pass over a coast line 
at an oblique angle, they tend to be refracted because of the 
difference in conductivity between the land and the water. The 
resultant change in direction is known as shore line effect. This 
factor causes some inaccuracy of radio bearings whenever a 
coast line is situated between the receiver and the transmitter. 

Another factor which produces erroneous bearing indications 
is bending and splitting of ground waves in mountainous areas, 
or over areas of natural magnetic disturbance. 

Interference. Unwanted signals in a receiver are called in- 
terference. The intentional production of such interference to 
obstruct communications is called jamming. 

Weather Disturbances. Electrical discharges produced by 
thunderstorms generate signals in the low and medium frequen- 
cy bands which can masquerade as a desired signal. Because of 
this, a radio compass is usually erratic in thunderstorm areas and 
may even point to an area of electircal disturbance rather than to 
the desired station. In thunderstorm areas, LF and MF com- 
munications may become garbled or saturated by static. 


Antennas 


Antennas may be classifed as either directional or non- 
directional. 

Nondirectional Antennas. A nondirectional antenna is one 
which radiates or receives radio energy equally in all directions. 
The most common nondirectional antenna is a vertical metal 
mast mounted on an insulated base. This antenna has almost no 
top surface and radiates comparatively little energy directly 
above the mast. 

Vertical nondirectional antennas are commonly used in LF 
and MF bands for marine and aeronautical navigation beacons 
and for commercial broadcast stations. Figure 7-5 shows the 
transmission pattern of a vertical antenna. 

Directional Antennas. A directional antenna is one which 
either transmits or receives energy more efficiently in one or 
more directions than others. Thus, directional information can 
be obtained by orienting a directional antenna for either max- 
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Figure 7-5. Transmission Pattern of a Vertical Antenna. 


imum Or minimum signal strength from a received signal. (See 


section on radio beacons.) 
RADIO AIDS TO NAVIGATION 


Radio Beacons 


Radio beacons transmit a nondirectional signal which is easi- 
ly identified as a specific station. If an aircraft has automatic 
direction finding (ADF) equipment, the direction of the beacon 
from the aircraft can be determined. Most low frequency direc- 
tion finding equipment will receive any frequency between 100 
and 1750 kHz. The IFR supplement lists the location and fre- 
quency of low frequency radio ranges and nondirectional 
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Figure 7-6. Loop Antenna. 


beacons (NDB). 

The operation of a radio compass depends primarily upon the 
characteristics of a loop antenna (figure 7-6). A loop-receiving 
antenna gives maximum reception when the plane of the loop is 
parallel to (in line with) the direction of wave travel. As the loop 
is rotated from this position, volume gradually decreases and 
reaches minimum when the plane of the loop is perpendicular to 
the direction of the wave travel. 

These characteristics of the loop antenna result from the fact 
that the receiver input from a loop antenna is the resultant of the 
opposing voltages in the two halves of the loop. When current 
flows in a looped conductor, it must flow in opposite directions 
in each half of the loop. This occurs when the plane of the loops 
in line with the station. Since one side of the loop is closer to the 





7M 51-40 15 March 1983 


Saw 
SSL PFI PD ANF PD A DAA SD 2 





G YY 6 \\S ¥ 
: OTN on : 
| 7 a _ = tee 


PDSD OAD ASD OD OSD ODD PRA PRD PSA OSD P-A ORD AA AD 


gure 7-7. Fixed Card Indicator and Radio Magnetic Indicator. 


Nsmitter, there is a slight delay between the time the radio 
ave reaches one side and the time it reaches the other. There- 
re, there is a phase difference between the voltages induced in 
ch half of the loop, which causes a resultant current flow 
rough the transformer and creates a signal input to the receiv- 
. When the plane of the loop is parallel to the direction of wave 
avel, maximum voltage is induced in the loop and the strength 
the signal is maximum. Conversely, when the plane of the 
0p is perpendicular to the direction of wave travel, both sides 
re equidistant from the transmitter, the induced voltage is zero, 
nd the strength of the signal is minimum. This is called the null 
osition of the loop. 

This null position is used for direction finding (obtaining a 
caring to a station). This position of the loop is used because it 
an be determined more accurately than the maximum position. 

One additional problem exists. The loop antenna is unable to 
letermine either of two possible directions to the station. This 
80° ambiguity is eliminated by a nondirectional or sensing 
intenna. The loop antenna of the radio compass is automatically 
otated to the null position when signals are received by both the 
oop and sensing antennas. The combination of signals ener- 
izes a phasing system which operates a motor on the loop drive. 
The bearing pointer is electrically synchronized and turns with 
he loop, thus indicating bearing to the station when the loop is 
in the null position. 

Two types of indicators are used with the radio compass 
(ADF). On the fixed card type (figure 7-7), zero degrees repre- 
sents the nose of the aircraft and the ADF bearing pointer yields 
relative bearing to the station. The type of indicator with a 
Totating compass card shows magnetic heading of the aircraft 
under the top index. The ADF pointer points to the station and 
Indicates magnetic bearing. 


Plotting on a Chart 


Before an ADF bearing (LOP) can be plotted on a navigation- 
al chart, two things must be done. First, the bearing obtained 
must be converted to a true bearing. If a nonrotatable compass 
card is used, the resultant relative bearing (RB) may be con- 


verted to true bearing (TB) by adding the aircraft true heading 
(TH) (TH + RB = TB). If arotatable compass card is used, the 
true bearing can be found by applying the magnetic variation at 
the vicinity of the aircraft. Secondly, if a great distance exists 
between the aircraft and the station, a correction is required to 
convert the great circle of the radio bearing to a great circle 
course on a chart. (See figure 7-8 for table of corrections.) 


UHF/DF 


Some aircraft are equipped with automatic direction finders in 
the UHF frequency range (225.0 - 399.9 megacycles) which 
utilize loop and sensing (antennas) to give bearing information. 
Operation of the direction finder is controlled from the UHF 
radio panel. It is used to obtain bearing to other aircraft and to 
emergency locator beacons (ELT). 


Omnirange 


The VHF omnidirectional range (VOR) is a radio aid which 
has eliminated interference due to atmospheric conditions. VOR 
stations operate between 108.00 and 117.95 MHz. VHF com- 
munications operate between 118.00 and 135.90 MHz. Station 
identifiers for VOR navaids are given in code or voice, or by 
alternating code and voice transmissions. 

As with TACAN, VOR provides an infinite number of 
courses or radials emanating from the station. The transmission 
principle of the VOR is based on creating a phase difference 
between two signals. One of these signals, the reference phase, 
is omnidirectional and radiates from the station in a circular 
pattern. The second signal is a variable phase which rotates 
uniformly at | 800 RPM and its phase changes | degree for each 
degree change in azimuth around the VOR (figure 7-9). 

Magnetic north is used as the base line for electronically 
measuring the phase relationship between the reference and the 
variable phase signals. At magnetic north, the signals are exact- 
ly in phase; however, the phase difference increases as we 
proceed clockwise around the station (000°-359°). This phase 
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CORRECTION REQUIRED TO CONVERT A RADIO 


GREAT CIRCLE BEARING TO MERCATORIAL BEARING 


MIDDLE 
LATITUDE 


Difference of Longitude of Ship and Radio Station 


10° 12° 14° 


16° 18° 20° 22° 24° 


10.0° 
9.8 
9.5 
9.2 
8.9 
8.5 
8.2 
7.8 
7.4 
6.9 
6.4 
6.0 
5.5 
5.0 
4.4 
3.9 
3.4 
2.8 
2.3 
1.7 
1.1 
0.6 


9.1° 
8.9 
8.6 
8.4 
8.1 
7.8 
7.4 
7.1 
6.7 
6.3 
5.9 
5.4 
5.0 
4.5 
4.0 
3.6 
3.1 
2.6 
2.1 
1.6 
1.0 
0.5 
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Figure 7-8. Rhumb Line Correction Table and Diagram. ’ 


difference is measured electronically by the aircraft receiver and 
is displayed as a radial or magnetic bearing to the station on a 
radio magnetic indicator (RMI) or bearing direction heading 
indicator (BDHI). 

VOR transmissions are limited by line of sight, and a com- 





bination of aircraft altitude and distance to the station. Acc 
information may be obtained from 40 to 100 NM around 
facility although the usable range may be much greater ( 
NM). 

VOR may be_used by flying courses from one station 
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MAGNETIC NORTH 


315° 


270° 
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gure 7-9. Signal Phase Relationship for VOR. 


other as part of the high or low jet navigation airways system. 
may be used as a fixing aid by taking a bearing and applying 
agnetic variation at the station (converting magnetic bearing to 
ie bearing) and plotting a line of position. In aircraft equipped 
th two VORs, the bearings to two different stations may be 
en simultaneously. plotted. and a fix position obtained. The 
craft is directly overflying a VOR when the bearing pointer 
Ops rapidly below the 3 or 9 o'clock positions. 

Control Panel. A VOR control panel contains (1) a power 
itch, (2) frequency window, (3) volume control. (4) equip- 
ent self-test capability, and (5) frequency selector controls all 
own in figure 7-10. To tune a VOR, turn power switch to 
NR, select desired frequency. and identify the station. For 
sitive test indications, consult aircraft tech order. 

Indicator Panel. Several types of indicators exist which dis- 
ay VOR information. Examples shown here are the course 
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Signals are in phase at magnetic 
north and vary elsewhere around 
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Figure 7-10. VOR Nav Control Panel. 
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To-From Indicator 


Course and Glide Slope 
Warning Flags 


Glide Slope Indicator (GSI) 
Glide Slope Deviation Scale 


Course Set Knob 
Figure 7-11. Course Indicator. 


indicator (figure 7-11), the radio magnetic indicator (RMI) (fig- 
ure 7-12), and the bearing direction heading indicator (BDHI) 
(figure 7-13). 
The course indicator has eight significant features: 
TO-FROM indicator 
Glide slope and course warning flags 
Course selector window 
Marker beacon light 
Glide slope indicator 
Heading pointer 
Course deviation indicator (CDI) 
Course set knob 
The TO-FROM indicator shows whether the radial set in the 
course selector window is to or from the station, and the CDI 
represents this radial. If the aircraft is to the right of the radial, 
the CDI is displaced to the left of center on the course indicator. 
The glide slope indicator is similar to the CDI but represents the 
glide slope transmitted by an instrument landing system (ILS). 


Top Index 


Rotating Compass Card 


Figure 7-12. Radio Magnetic Indicator (RMI). 
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Course Selector Window 
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Course Deviation Scale 















Course Deviation Indicator (CDI) 


’ 
If the glide slope indicator is below the center of the cours 
indicator, the aircraft is above the glide slope. The glide slop 
and course warning flags inform the user that either the glid 
slope indicator or CDI is inoperative, or that signals received ar 
too weak to be used. The heading pointer indicates the differ 
ence, left or right, between the aircraft magnetic heading and the 
radial set in the course selection window. The marker beacot 
light flashes when passing over a marker beacon (such as, outer 
marker of the ILS). 

The RMI is a bearing indicator, usually with two pointers and 
a movable compass rose. The compass rose rotates as the alt 
craft turns, indicating the compass heading of the aircraft under 
the top of the index at all times. Therefore, all bearings taken 
from an RMI are magnetic. Consult the specific tech order as 
which pointer is the VOR. 

The BDHI is similar to the RMI in that a pointer vi d 
magnetic bearing information. Additional information cone 
ing the BDHI is contained in the TACAN section. 


ADF Bearing Pointer 


VOR Bearing Pointer 
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gure 7-13. Bearing Distance Heading Indicator 
| (BDHI). 


ACAN 


The Tactical Air Navigation (TACAN) system was developed 
) provide the crewmember with information needed for precise 
dsitioning within 200 nautical miles. As with VOR, TACAN 
fovides an infinite number of radials radiating outwardly from 
le station. In addition, distance measuring equipment (DME), 
n integral part of TACAN, provides continuous slant-range 
istance information. 

TACAN operates in the UHF band and has 126 channels 
vailable in the X-band pulse code. Development of pulse 
oding has given ground equipment the capability of an addi- 
onal 126 channels in the Y-band. The station identifier is 
fansmitted at 35-second intervals in international Morse code. 
\irbome DME transmits on 1025 - 1150 MHz; associated 

d-to-air frequencies are in the 962 - 1024 MHz and 1151 - 
213 MHz ranges. Channels are separated at | MHz intervals in 
hese bands. 
The ground equipment consists of a rotating-type antenna for 
ansmitting bearing information and a receiver-transmitter 
transponder) for transmitting distance information. Permanent, 
ully monitored ground stations are dual transmitter-equipped 
one operating and one in standby) installations which automati- 
ally switch to the standby transmitter when a malfunction 
curs. Each station has a ground monitor which is set to alarm 
ta radial shfit of + 1° from the alignment to magnetic north. 
fhis alarm is usually located in the base control tower or 
pproach control, and sets off a light and buzzer to warn the 
round crew when an out-of-tolerance condition exists. It is 
ossible to select a TACAN station and get erroneous DME and 
zimuth lock-on when the station is undergoing maintenance. 
fhis can be detected by an absence of signal identifier. Checks 
fen route or radio navigational aids may be made by consulting 
NOTAMs prior to flight or by contacting air traffic control for 
dvisories when airborne. 
Airborne equipment also contains a multi-channel transmit- 
er-receiver (transceiver). Bearing information is automatically 
dbtained with the correct channel selected. Distance is deter- 
mined by measuring the elapsed time between transmission of 
interrogating pulses of the airborne set and reception of corre- 
sponding reply pulses from the ground stations. This sequence is 

initiated by the aircraft transmitter and requires about 12 mi- 
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croseconds per nautical mile round trip. Since the DME gives a 
readout of slant range rather than ground range, a correction has 
to be applied to the reading when within approximately 25 NM 
at normal aircraft altitudes. (See slant range table for correc- 
tion.) 

TACAN DME is designed to provide range information to 
maximum distance of from 200 to 300 NM, dependent on 
aircraft equipment. Accuracy is on the order of + 600 feet plus 
two-tenths of one percent of the distance being measured. 

Since a large number of aircraft could be interrogating the 
same Station, the aircraft TACAN must sort out the pulses which 
are replies to its own signal. Interrogation pulses are transmitted 
on an irregular, random basis by the airborne set which then 
searches for replies synchronized to its own interrogations. If 
the signals are interrupted, a memory circuit maintains the last 
distance indications on the range indicator for approximately 10 
seconds to prevent the search operation from recurring. This 
process starts automatically whenever a new station is tuned or 
when there is a major interruption of signals. Depending upon 
the actual distance from the station, the searching process may 
require up to 22 seconds. The maximum number of aircraft 
which can be accommodated by one station at any one time is 
100. With the development of the X and Y bands, this number 
can be doubled. 


TACAN Characteristics 


Bearing/Distance ‘‘Unlock.’’ Since TACAN bearing/DME 
are subject to line-of-sight restrictions, this information could be 
lost any time signals are blocked. Temporary obstructions can 
occur in flight any time any part of the aircraft gets between the 
ground and aircraft antenna. Other aircraft, terrain, and build- 
ings are external causes for unlock. Any time the signal is 
obstructed for more than 10 seconds for DME and 2 seconds for 
azimuth, the unlock conditions will be indicated by a rotating 
bearing needle and a tumbling DME readout. 

Azimuth Cone of Confusion. TACAN antennas transmit radio 
energy in circular patterns out from the transmitter. However, 
waves are not transmitted directly above the station. Therefore, 
as the aircraft approaches a TACAN station, signals are lost. 
This is indicated by a rotating TACAN bearing needle in the 
RMI. 

The azimuth cone can be up to 100° or more in width or 
approximately 1S NM wide at 40,000 feet. Thus, one may enter 
the cone of confusion at approximately 7.5 DME at this altitude. 
Approaching the station, usable TACAN information is lost 
before the cone is reached as aircraft memory circuits maintain 
last information. 

Range Indicator Fluctuations. Slight oscillations up to ap- 
proximately 1/4 NM are normal for range indicator operation 
due to the pulses generated by the transmit or receive function. 
When a usable signal is lost, the memory circuit maintains the 
indicated range for about 10 seconds, after which unlock will 
occur unless usable signals are regained. 

Forty Degree Azimuth Error Lock-on. The construction of the 
TACAN ground antenna is such that it transmits a series of 9 
signal lobes (8 auxiliary and one main reference pulse) 40° 
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apart. With the airborne receiver working correctly, these pulses 
lock on the airborne equipment with the main reference at 090°. 
With a weak signal, the main reference pulse may ‘“‘slide over’’ 
or miss the 090° slot and lock on at one of the auxiliary positions. 
When this occurs, azimuth indications will be 40° or a multiple 
of 40° in error. Forty degrees azimuth lock-on error will not 
cause a course warning flag to appear on the indicator. Rechan- 
neling the airborne receiver may give the set another chance to 
lock on properly. 

Co-Channel Interference. Co-channel sfietierence occurs 
when an aircraft is in a position to receive TACAN signals from 
more than one ground station on the same frequency. This 
normally occurs only at high altitudes when distance separation 
between like-frequencies is inadequate. DME, azimuth, or 
identification from either station may be received. This is not a 
malfunction of either airborne or ground equipment, but a result 
of position. 

Air-to-Air TACAN. This function is provided to give distance 
information between two aircraft, working in the same manner 
as a regular ground-based TACAN station. Some sets provide 
only DME information. Other newer sets provide both distance 
and bearing information to other aircraft. In order to obtain 
useful information, the air-to-air (A/A) function should be 
selected by both aircraft with a 63-channel frequency separa- 
tion. In addition, each aircraft must have the same frequency 
band (X or Y) selected. Therefore, one aircraft sets A/A channel 
4 and the other sets A/A channel 67 in the X band and useful 
information should be obtained. 

Air-to-air TACAN is primarily used during the rendezvous 
portions of air refueling operations or formation flights. A 
prescribed turn range (DME) and offset (bearing, if available) 
between the two aircraft are used to effect the rendezvous. 
Proper air-to-air channels for each air refueling route are found 
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in the FLIP Planning Document. a 
Tuning and Controls. The basic Sook Onn 7 | 
systems is shown in figure 7-14: The proper cHi 
rotating channel selector knobs (1) to any of 3am 
Internal test mode—validates working condy 
The ‘channel mode selector (4) allows) 
selected. These controls are presented in thezam 
(3). A volume control (5) adjusts the audio i le 
identifier signal. The TACAN test button j er 
perform a system self-test. The function. § $e 
settings: | “ 7 
OFF—Removes power to the set : ‘ine 
REC—Energizes the receiver to obtainib 4 Ve 
T/R—Energizes both receiver and transmit ter 4 : 
bearing and distance information © 
A/A—System transmits and receives in ite ! 
plies to measure range to another an 
equipped aircraft. Bearing informatio ie 

on this set. 

TACAN bearing is presented on an RMI fs 
BDHI (bearing and DME) as shown in fig 
VORTAC. In order to provide both military if 
the capability of positioning from the same” be. 
combination of VOR and TACAN station was Ky 
facility offers three services. VOR azimuth sign is 
ted on the published VOR frequency. TACAI NF 
DME signals are broadcast on the published Bi 


Point-to-Point Navigation (Using RMVBDHi) = 
Flying from one radial and DME to another may be 


during departures and approaches. A heading to the desi 
point may be derived quickly through the use of an RMI provid- 





Figure 7-14. TACAN Control Panel. 
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Figure 7-15, Fix-To-Fix Solution. 
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ing a radial and a separate readout of DME. The following 
echnique and example are provided in order to demonstrate 
mm to compute a heading. Refer to figure 7-15. 
ample: Present Position = 180/60 
Desired Position = 090/30 

Present Heading = 000° 
lune, identify, and monitor correct VOR/TACAN. 
Tum the aircraft in the general direction of the desired fix 
g toa heading approximately halfway between the head 
Be bearing pointer (000°) and the radial on which the desired 
located (090°). In this case, turn to 045°. 
Visualize your aircraft position and the desired fix on the 
428 follows: 
ge. Consider the center of the RMI to be the VOR/TACAN, 
ie t the compass rose simulates the radials around the 


2 b. The fix with the greater range (180/60) is established at 
sitter edge of the compass card. 

m°. The fix with the lesser range (090/30) is established at a 
get Which is proportional to the distance represented by the 
Giter edge of the compass card. 


_4.Next, determine the heading to the desired fix by connect- 
lng your present position to your desired fix with an imaginary 

On the RMI (B to C). Establish another imaginary line 
Parallel to the line labeled B to C through the center of the RMI. 
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This line will indicate your no-wind heading to your desired fix 
(030°). 

5. Turn to 030° and apply any drift correction. With 5° right 
drift, we would turn to 025°. 

6. Continually cross-check your position and correct as 
necessary. 


COMMUNICATION 


Air-to-ground communications can be achieved through the 
use of many types of radio equipment. High frequency bands 
(HF, VHF, UHF) are relatively static-free and are less suscepti- 
ble to outside interference than lower frequencies. It must be 
remembered, however, that the higher the frequency, the more 
nearly the transmission will follow a line-of-sight path. As 


frequency increases, therefore, communication range de- 
creases. 


AN/APX-64 Transponder 


The AN/APX-64 (figure 7-16) provides for Mark X IFF with 
selective identification feature (SIF) in normal operating modes. 
Two additional modes allow more specific identification by 
controlling agencies. Mode C works in conjunction with the 
aircraft altitude computer and gives automatic altitude reporting 
to ground radar. Mode 4 provides a secure IFF capability for 
military aircraft. 

IFF Master Control Knob. This is a five-position detented 
rotary switch. 
¢ OFF 
¢ STBY—No transmission capability. Warmup period. 
¢ LOW—Receiver sensitivity is reduced and only local inter- 
rogations are answered. 
¢ NORM—Full range operation. 
¢ EMER—Causes automatic transmission of emergency reply 
signals when interrogated by Mode 1, Mode 2, or Mode 3/A. 

IFF Mode Switches. Four three-position toggle switches are 
used to select the desired operating modes. Mode | is the aircraft 
security identity mode. Mode 2 is for personal unit identity. 
Mode 3/A is for normal air traffic control identity. Mode C is the 
altitude reporting mode. The three positions are identical for all 
four toggle switches. 
¢ OUT—Mode disabled. 

* ON—Allows normal response to mode interrogations. 
¢ TEST—Spring-loaded for in-flight test of selected mode. Test 
interrogations are generated, the transponder response is ana- 
lyzed, and a positive indication illuminates the test light. 
Code Selector Wheels. 
¢ MODE I—Sets any one of 32 possible codes. 
¢ MODE 2—Sets any one of 4,096 possible codes. Not located 
on this control unit. 
¢ MODE 3/A—Sets any one of 4,096 possible codes. 
Identification of Position Switch. A three-position toggle 
switch that enables IDENT replies (illuminates return on con- 
troller’s scope more brightly). 
IDENT—Spring-loaded switch which initiates a 30-second 
reply. 
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1. MODE 4 CODE SWITCH 10. MODE 1 CODE SELECTORS 

2. MODE 4 REPLY LIGHT 11. MODE 4 ON/OUT SWITCH 

3. TEST LIGHT 12. MODE 4 AUDIO/LIGHT SWITCH 
4. MASTER SWITCH 13. MODE 1 ENABLING SWITCH 

5. MODE 3/A ENABLING SWITCH 14. MODE 2 ENABLING SWITCH 

6. MODE C ENABLING SWITCH 15. IFF ANTENNA SWITCH 

7. RAD TEST/MON SWITCH 16. IFF MODE 4 CAUTION LIGHT 
8. IDENT/MIC SWITCH 

9. MODE 3/A CODE SELECTORS 


Figure 7-16. IFF/SIF Transponder. 


OFF 

MIC—Initates a reply for 30 seconds whenever the MIC 
button is depressed and the interphone transmitter selector knob 
is set to UHE 

Radar Test/Monitor Switch. Used by ground maintenance and 
in conjunction with the test lamp to monitor all responses in any 
SIF mode. 

Test Lamp. Lights in conjunction with proper mode/test con- 
ditions and RAD TEST/MON SW interrogations. 























15 Mi rch 98 
Mode 4. Mode 4 is a classified transponder system w 
provides secure IFF capability to military aircraft. This car 
ity is provided by an airborne cryptographic compu! er wh 
generates coded replies in response to valid intel Toga tic 
generated by an interrogator cryptographic computer. Cod Coc 
set by a keying device prior to flight by the aircrew ot 7 ma i 
nance personnel. be? 

Mode 4, Enable Switch. Controls operation of Mod 
three positions which permits aural and reply lamp me 0 it c 
of valid Mode 4 interrogations and replies in AUDI D. 
* OUT—No monitoring capability. , 
¢ LIGHT—Reply lamp monitoring only. 7 
* REPLY LAMP—Used with Mode 4 only. 
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Long Range * i 
Systems used for long-range radio communications be 
aircraft and ground stations may be either amplitude modul 
(AM) or single sideband (SSB) transmissions. Single side 
transmitters concentrate all available power into one side 
therefore, SSB is much more efficient and has greaterr angel 
an AM transmitter of the same power. 

Although HF ground waves attenuate rapidly, sI 
these frequencies are capable of transmitting at dista net 
12,000 miles or more, depending on ionospheric cond iti ons 
equipment is used mostly in remote areas where V IF sy 
communication is not possible because of the great d val net 
which must be spanned. ! 


wa 
Short Range Air-to-Air and Air-to-Ground 


addition to a number of preset channels. Transmission an 
reception are accomplished with a single antenna. 


IFF/SIF 


Pulses received from the airborne equipment produce “ie 
on the ground-based radarscope and are used to positively i 
tify and locate aircraft. ‘be 


faster isolation and identification of any aircraft under survél 
lance. Positive identification can be established and maintaif 
by the ground controller when a designated SIF ‘‘mode”’ aM 
‘*code’’ is set into the airborne transponder. Initial identificall 
is usually established by using the ‘*‘IP’’ or ‘‘ident’’ functiond 
the airborne set. Tracking is maintained by setting the requé: 
mode and code-into the aircraft equipment. 
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BASIC PRINCIPLES 


Radar, in the hands of the skilled operator, provides precise 
updates to DR for navigation and airborne delivery operators. At 
cuising altitudes, it provides information of land and water 
characteristics as well as hazardous weather conditions over 
hundreds of miles around the aircraft. At low level, it provides 
detailed terrain information used to navigate at high speed over 


following equipment. Radar is a source of track and drift angle 

information for wind computations and can be used with 

beacons for intercept and rendezvous operations. 

The basis of the system has been known theoretically since 
the time of Hertz who, in 1888, successfully demonstrated the 
transfer of electromagnetic energy in space and showed that 
such energy is capable of reflection. The transmission of elec- 
tromagnetic energy between two points was developled as 
“radio”, but it was not until 1922 that practical use of the 
feflection properties of such energy was conceived. The idea of 
_ Measuring the elapsed time between the transmission of a radio 

signal and receipt of its reflected echo from a surface originated 

nearly simultaneously in the United States and England. In the 

United States, two scientists working with air-to-ground signals 

noticed that ships moving in the nearby Potomac River distorted 

the pattern of these signals. In 1925, the same scientists were 
| able to measure the time required for a short burst, or pulse, of 
| Madio energy to travel to the ionosphere and return. Following 

, this success, it was realized that the radar principle could be 

| &pplied to the detection of other objects, including ships and 

| aircraft. 

, By the beginning of World War II, the Army and Navy had 
developed equipment appropriate to their respective fields. Dur- 
ing and following the war, the rapid advance in theory and 
technological skill brought improvements and additional ap- 
plications of the early equipment. By suitable instrumentation, 
itis now possible to measure accurately the distance and direc- 

; tion of a reflecting surface in space—whether it is an aircraft, a 

ship, a hurricane, or a prominent feature of the terrain—even 

: Under conditions of darkness or restricted visibility. For these 

| Reasons, radar has become a valuable navigational tool. 

}  Thefollowing material is limited to the general procedures for 

Using radar as an aid to navigation. For detailed information 

comeming a specific set, consult the appropriate manual or 

technical order. 

As noted previously, the fundamental principle of radar may 
be likened to that of relating sound to its echo. Thus, a ship 
Sometimes determines its distance from a cliff at the water’s 
tdge by blowing its whistle and timing the interval until the echo 
IS received. 





J a ge a ie = (eee 


changing courses. It is adapted to terrain-avoidance and terrain- — 
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Chapter 8 


RADAR 


The same principle applies to radar, which uses the reflected 
echo of electromagnetic radiation traveling at the speed of light. 
This speed is approximately 162,000 nautical miles per second; 
it may also be expressed as 985 feet per microsecond. If the 
interval between the transmission of the signal and return of the 
echo is 200 microseconds, the distance to the target is: 


ae ma 98,500 ft = 16.2 NM 


TYPICAL RADAR SET 


RAdio Detection And Ranging is accomplished by develop- 
ing a pulse of microwave energy that is transmitted from the 
aircraft and is reflected by objects in its path. The reflected pulse 
is amplified and converted by the receiver for display on the 
cathode-ray tube (CRT). All the actions in the set are synchro- 
nized by the timing unit, or synchronizer. To this basic unit, 
improvements are added for special purposes such as weather 
avoidance, filtering, and terrain following. 


COMPONENTS 


The transmitter and receiver are usually one unit (the R/T) 
with separate functions that, for this description, are dealt with 
separately. (See figure 8-1.) 

The transmitter produces the RF energy using magnetrons. A 
magnetron generates radar pulses by bunching electrons using 
alternately charged grids that the electrons travel past. The 
spurts of energy are of high power and short duration. The 
energy is released at intervals (the pulse recurrence rate) deter- 
mined by the selected operating range. 

The generated pulse travels through either coaxial cable or, 
more frequently, a hollow tube called the waveguide. The wave- 
guide requires pressurization to insure the maintenance of con- 
ditions for proper microwave conduction. The energy passes an 
electronic switching device that directs outgoing pulses to the 
antenna and incoming pulses from the antenna to the receiver. 

The antenna is a parabolic ‘‘dish’’ with a protruding wave- 
guide. It is gimbal-mounted to allow rotation of the dish and, in 
most cases, to allow stabilization of the dish relative to the 
Earth’s surface when the aircraft turns. Rotation of the antenna 
could be through 360° or in a sector (either variable or preset). 
The 360° rotation or scan is usually for mapping whereas a 
sector is used in aircraft with limited space for the antenna or 
where the intent is to concentrate energy in a small area. 

The antenna assembly will be either permanently locked to 
the longitudinal axis of the aircraft (boresighted) or only so 
aligned when stabilization units are inactive. When not 
‘*caged’’ the antenna stabilization is accomplished using gyro- 
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Figure 8-1. Major Components of Radar Sets. 


servo mechanisms. A sensor system that provides information 
to a computer keeps the antenna radiation plane parallel to the 
Earth even when the aircraft is in a climb or a bank. 

There are two radiation patterns popular in airborne radar 
design—fan and pencil beams. The fan beam, best for general 
mapping, 1s a wide, “*cosecant squared’’ pattern that distributes 
the RF energy across the beam, in proportion to the distance it 
must travel (figure 8-2). To concentrate the energy emitted, the 
pencil beam antenna is used. The pencil beam dish allows 
scanning for weather or aircraft in a small plane while eliminat- 
ing ground clutter. It can be used to put more energy on a section 
of ground to increase returns. 

The antenna can be manipulated to aim the emissions through 
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a control that tilts the dish from the horizontal plane. At cruising 
altitudes, in the mapping mode, it is sufficient to slightly tilt the 
dish down but tilt should be constantly adjusted for optimum 
returns. 

After transmission, the reflected energy is directed back tothe 
wave-guide where it travels past the switching device which 
directs the returns to the receiver. The receiver converts the 
microwave returns to electrical signals that are amplified and 
sent to the planned position indicator—a CRT. The amplifica- 
tion of the returns is controllable through a gain circuit. Depen¢- 
ing on the type of return desired on the PPI, the operator adjusts 
the receiver gain. Other booster circuits, such as sweep intensity 
or video gain, are available but operation of the receiver gain is 





Figure 8-2. Radiation Pattern of Antenna. 
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SECTOR SCAN CENTERED DISPLAY 





figure 8-3. Sector Scan Displays. 


host important. If adequate receiver amplification of weak 
etums is not applied, no amount of later stage adjustments will 
ut the target on the scope. 

The planned position indicator, or scope, offers both range 
ind azimuth information about targets to the operator. This 
nformation is relative to the aircraft’s position which can be 


Figure 8-4, Electromagnetic Cathode Ray Tube (CRT). 
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referenced at either the center of the scope or offset to the side of 
the screen (figure 8-3). The PPI is a CRT with focusing coils and 
a deflection coil. The deflection coil is an electro-magnet whose 
variable field manipulates the electron beam so that returns can 
be presented on the scope in their correct position relative to the 
observer (figure 8-4). 
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The actual presentation of the return is produced by applying 
a polarization to the signals going to the CRT. The null return 
has a predominantly positive charge; therefore, the trace is 
suppressed. A polarization shift is produced in the current to 
produce a ‘‘blooming’’ of the trace corresponding to the 
Strength and position of the received signal. 

Range is determined by the travel time of a pulse from, and 
back to, the R/T unit. Knowing that RF energy travels at the 
constant speed of light, range determination is simple. Its dis- 
play on the PPI is coordinated by the timer. 

At the same instant that the timer triggers the transmitter, it 
also sends a trigger signal to the indicator. Here, a circuit is 
actuated which causes the current in the deflection coils to rise at 
a linear (uniform) rate. The rising current, in turn, causes the 
spot to be deflected radially outward from the center of the 
scope. The spot thus traces a faint line on the scope; this line is 
called the sweep. If no echo is received, the intensity of the 
sweep remains uniform throughout its entire length. However, 
if an echo is returned, it is so applied to the CRT that it 
intensifies the spot and momentarily brightens a segment of the 
sweep relative to the size of the target. Since the sweep is linear 
and begins with the emission of the transmitted pulse, the point 
at which the echo brightens the sweep will be an indication of the 
range to the object causing the echo. 

The progressive positions of the pulse in space also indicate 
the corresponding positions of the electron beam as it sweeps 
across the face of the CRT. If the radius of the scope represents 
40 miles and the ‘‘return’’ appears at three-quarters of the 
distance from the center of the scope to its periphery, the target 
is represented as being about 30 miles away. 

Of interest here is the extremely short time scale which is 
used. In the preceding example, the radar is set for 40-mile 
range operation. The sweep circuits will thus operate only for an 
equivalent time interval, so that targets beyond 40 miles will not 
appear on the scope. The time equivalent to 40 miles of radar 
range is only 496 microseconds (496 x 10~° seconds). Thus, 
496 microseconds after a pulse is transmitted (plus an additional 
period of perhaps 100 microseconds to allow the sweep circuits 
to recover), the radar 1s ready to transmit the next pulse. The 
actual pulse repetition rate in this example 1s about 800 pulses 
per second. The return will therefore appear in virtually the 
same position along the sweep as each successive pulse is 
transmitted, even though the aircraft and the target are moving at 
appreciable speeds. 

At times, the PPI will not display targets across the entire 
range selected on the scope. In these cases, the effective range of 
the set has been affected by atmospheric refraction and the 
line-of-sight characteristics of radar energy. The following for- 
mula can determine the radar’s range in these situations: 


D= V 2h X .87 = 1.23 Vh 


when D is distance and h is the aircraft altitude. 

Azimuth measurement 1s achieved by synchronizing the de- 
flection coil with the antenna. In the basic radar unit, when the 
antenna is pointed directly off the nose of the aircraft, the 
deflection coils are aligned to fire the trace at the 12 o’clock 
position on the scope. As the antenna rotates, the deflection coil 
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Factors Affecting Reflection 


A target’s ability to reflect energy is based on the target's 
composition, size, and the radar beam’s angle of reflection. The 
range of the target from the aircraft is definitive in the quantity of 
returned energy. The range of a target produces an inverse effect 
on the target’s radar cross-section. And there will be some 
atmospheric attenuation of the pulse proportional to the distance 
that the energy must travel. (See figure 8-5.) 

Generally, all four factors contribute to the displayed retum. 
A single factor can, in some cases, either prevent a target from 
reflecting sufficient energy for detection, or cause a disprop- 
ortionate excess of reflected energy to be received and display- 
ed. The following are general rules of radarscope interpretation: 

1. The greatest return potential exists when the radar beam 
forms a horizontal right angle with the frontal portion of the 
reflector. 

2. Radar return potential is roughly proportional to the target 
size and the reflective properties (density) of the target. 

3. Radar return potential is greatest within the zone of the 
greatest radiation pattern of the antenna. 

4. Radar return potential decreases as altitude increases be- 


cause the vertical reflection angle becomes more and more 


removed from the optimum. (There are many exceptions to this 
general rule since there are many structures which may present 
better reflection from roof surfaces than from frontal surfaces or 
in the case of weather.) 

5. Radar return potential decreases as range increases because 
of the greater beam width at long ranges and because of atmos- 
pheric attenuation. 

6. All of the factors affecting reflection must be considered to 
determine the radar return potential. 


Typical Radar Returns 


The principal problem in radarscope interpretation is finding 
the meaning of contrast in brightness. This comes ahead of the 
purely navigational problem because a particular feature must 
be identified before it becomes useful. 
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Figure 8-5. Relative Reflectivity of Structural Materials. 
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Returns From Land. All land surfaces present minute irregu- 
lar parts of the total surface for reflection of the radar beam; 
thus, there is usually a certain amount of radar return from all 
land areas. The amount of return varies considerably according 
to the nature of the land surface scanned. This variance is caused 
by (1) the difference in reflecting materials of which the land 
area is composed, and (2) the texture of the land surface. These 
are the primary factors governing the total radar return from 
specific land areas. 

Flat land. A certain amount of any surface, however flat in 
the overall view, is irregular enough to reflect the radar beam. 
Surfaces which are apparently flat are actually textured and may 
cause returns on the scope. Ordinary soil absorbs some of the 
radar energy and thus the return that emanates from this type of 
surface is not strong. Irregularly textured land areas present 
more surface to the radar beam than flat land and thus causes 
more return. The returns from irregularly textured land areas are 
most intense when the radar beam scans the ridges or similar 
features at a right angle. This effect is particularly helpful in 
detecting riverbeds, gulleys, or other sharp breaks in the surface 
height. At times, in desolate areas that are ‘‘flat,’’ these occa- 
sional surface changes are apparent where it would not have 
appeared in more irregular topography. Such returns provide 
recognizable targets in otherwise sparse circumstances. In other 
cases, especially at low level over broken terrain this affect 
could complicate scope interpretation. 

Hills and Mountains. Hills and mountains will normally give 
more radar returns than flat land because the radar beam is more 
nearly perpendicular to the sides of these features. the typical 
return is a bright return from the near side of the feature and an 
area of no return on the far side. The area of no return, called a 
mountain shadow, exists because the radar beam cannot pene- 
trate the mountain, and its line-of-sight transmission does not 


allow it to intercept targets behind the mountain (figure 8-6). 
The shadow area will vary in size, depending upon the height of 
the aircraft with respect to the mountain. As an aircraft 
approaches a mountain, the shadow area becomes smaller and 
smaller. Furthermore, the shape of the shadow area and the 
brightness of the return from the peak will vary as the aircraft’s 
position changes. As the aircraft closes on the mountainous 
area, Shadows may disappear completely as the beam covers the 
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Figure 8-6. ‘‘No-Show’’ Returns. 


re surface area. At this point, a great deal of energy is 
-cted back at the antenna and recognizable features in that 
will be rare. 
ecognition of mountain shadow is important because any 
et in the area behind the mountain cannot be seen on the 
Ye. 
| areas with isolated high peaks or mountain ridges, contour 
gation may be possible because the returns from such fea- 
$ assume an almost three-dimensional appearance. This 
ws specific peaks to be identified. 
1 more rugged mountainous areas, however, there may be so 
y mountains with resulting return and shadow areas that 
our navigation is almost impossible. But these mountainous 
S are composed of patches of mountains or hills, each 
ng different relative sizes and shapes and relative positions 
1 other patches. By observing these relationships on a chart, 
ral aircraft positioning is feasible. Additionally, flying over 
ine of demarcation between a mountainous and a level area 
ridgeline might serve as a line of position even though the 
plexity of the scope picture makes positive position-finding 
ossible (figure 8-7). 
oastlines and Riverbanks. The contrast between water and 
/1s very sharp, so that the configuration of coasts and lakes 
seen with map-like clarity in most cases (figure 8-8). When 
adar beam scans the banks of a river, lake, or larger body of 
r, there is little or no return from the water surface itself, but 
e is usually a return from the adjoining land. The more 
ed the bank or coastline, the more returns will be experi- 
-d. In cases where there are wide, smooth mud flats or sandy 
‘hes, the exact definition of the coastline will require careful 
ng. 
ince both mountains and lakes present a ‘‘dark’’ area on the 
e, It is Sometimes fairly easy to mistake a mountain shadow 
\ lake. This is particularly true when navigating in moun- 
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Figure 8-8. Radar Returns. 


tainous areas which also contain lakes. One difference between 
returns from mountain areas and lakes is that returns from 
mountains are bright on the near side and dark on the far side 
while returns from lakes are of more uniform brightness all 
around the edges. Another characteristic of mountain returns is 
that the no-show area changes its shape and position quite 
rapidly as the aircraft moves; returns from lakes change inconse- 
quentially. 

Cultural Returns. The overall size and shape of the radar 
return from any given city can usually be determined with a fair 
degree of accuracy by referring to a current map of the area 
(figure 8-8). However, the brightness of one cultural area as 
compared to another may vary greatly, and this variance can 
hardly be forecasted by reference to the navigation chart. In 
general, due to the collection of dense materials therein, urban 
and suburban areas generate strong returns, although the indust- 
rial and commercial centers of the cities produce a much greater 
brightness than the outlying residential areas. Many isolated or 
small groups of structures create radar returns. The size and 
brightness of the radar returns these features produce are depen- 
dent on their construction. If these structures are not plotted on 
the navigation charts, they are of no navigational value. Howev- 
er, some of them give very strong returns—such as large con- 
crete dams, steel bridges, etc—and, if any are plotted on the 
chart and can be properly identified, they can provide valuable 
navigational assistance. 

Weather Returns. Cloud returns which appear on the scope 
are of interest for two reasons. First, since the brightness of a 
given cloud return is an indication of the intensity of the weather 
within the cloud, intense weather areas can be avoided by 
directing the pilot through the areas of least intensity or by 
circumnavigating the entire cloud return. Second, cloud returns 
obscure useful natural and cultural features on the ground. They 
may also be falsely identified as a ground feature, which can 
lead to gross errors in radar fixing. 
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Returns offen produce shadow areas similar to mountain 
shadows because the radar beam does not penetrate clouds 
-ompletely. 

Returns do not fade away as the antenna tilt is raised, but 
ground returns do tend to decrease in intensity with an increase 
in antenna tilt. 

Returns can appear in the altitude hole when altitude delay is 
not used and the distance to the cloud is less than the altitude. 

Effects of Snow and Ice. The effects of snow and ice are 
similar to the effect of water. If a land area is covered to any 
great depth with snow, (1) some of the radar beam will reflect 
from the snow and, (2) some of the energy will be absorbed by 
the snow. The overall effect is to reduce the return which would 
normally come from the snow-blanketed area. 

Ice will react in a slightly different manner, depending upon 
its roughness. If an ice coating on a body of water remains 
smooth, the return will appear approximately the same as a 
water return. However, if the ice is formed in irregular patterns, 
the returns created will be comparable to terrain features of 
commensurate size. For example, ice ridges or ice mountains 
would create returns comparable to ground embankments or 
mountains, respectively. Also, offshore ice floes tend to dis- 
guise the true shape of a coastline so that the coastline may 
appear vastly different in winter as compared to summer. This 
phenomenon is termed ‘‘arctic reversal’’ because the resultant 
PPI display will often be the opposite of the anticipated display. 


Inherent Scope Errors 


Another factor which must be considered in radarscope inter- 
pretation is the inherent distortion of the radar display. This 
distortion is present to a greater or lesser degree in every radar 
set, depending upon its design. Inherent scope errors may be 
attributed to three causes—width of beam, the length (time 
duration) of the transmitted pulse, and the diameter of the 
electron spot. 

Beam Width Error. Beam width error is not overly significant 
in radar navigation (although it must be taken into account in 
radar bombing). Since the distortion is essentially symmetrical, 
it may be nullified by bisecting the return with the bearing cursor 
When a bearing is measured. Beam width distortion is also 
lessened by reducing the receiver gain control. 
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Pulse Length Error. Pulse length error is caused by the fact 
that the radar transmission is not instantaneous but lasts for a 
brief period of time. There is a distortion in the range depiction 
on the far side of the reflector, and this pulse length error is equal 
to the range equivalent of one-half of the pulse time. 

Since pulse length error occurs on the far side of the return, it 
may be nullified by reading the range to (and plotting from) the 
near side of a reflecting target when taking radar ranges. 

Spot Size Error. Spot size error is caused by the fact that the 
electron beam which displays the returns on the scope has a 
definite physical diameter. No return which appears on the 
scope can be smaller than the diameter of the beam. Furth- 
ermore, a part of the glow produced when the electron beam 
strikes the phosphorescent coating of the CRT radiates laterally 
across the scope. As a result of these two factors, all returns 
displayed on the scope will appear to be slightly larger in size 
than they actually are. 

Spot size distortion may be reduced by using the lowest 
practicable receiver gain, video gain, and bias settings, and by 
keeping the operating range at a minimum so that the area 
represented by each spot is kept at a minimum. Further, the 
operator should check the focus control for optimum setting. 

Total Distortion. For navigational purposes, these errors are 
often negligible. However, the radar navigator should realize 
that they do exist and that optimum radar accuracy demands that 
they be taken into account. 

They are usually most significant when the target 1s a thin, 
‘‘no-show’’ (river), when it is very reflective but small, or when 
it is in close proximity to another *‘show’’ target. Thin ‘‘no- 
shows’’ are erased except for their wider points. With tiny but 
very reflective targets, the cross-section of the return would 
normally be negligible on the PPI. Their extremely strong re- 
flectability though, coupled with the inherent errors, causes 
them to appear larger and of seemingly more significance on the 
indicator. When ‘‘show’’ targets are close to each other, these 
errors will cause them to blend together, thus diminishing the 
scope resolution. 

Generally, the combined effects of the inherent errors cause 
reflecting targets to appear larger and nonreflecting targets to 
dwindle (figure 8-9). 


IMPROVEMENTS TO RADAR 


The airborne radar sets used throughout the Air Force vary 
slightly in the navigational refinements offered. The following 
is a description of refinements designed to overcome some of the 
common problems encountered in radar navigation. 


Variable Range Marker and Crosshairs 


Most radar sets also provide a range marker which may be 
moved within certain limits by the radar operator. This variable 
range marker permits more accurate measurement of range 
because the marker can be positioned more accurately on the 
scope. Furthermore, visual interpolation is not necessary when 
using the variable range marker because it can be placed at the 
particular return being considered. 
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Figure 8-9. Combined Effects of Inherent Errors. 


On many radar sets, an electronic azimuth marker has been 
added to the variable range marker because it can be placed at 
the particular return being considered. 

On many radar sets, an electronic azimuth marker has been 
added to the variable range marker to facilitate fixing. The 
intersection of the azimuth marker and the variable range marker 
is defined as radar crosshairs. 


Altitude Delay 


It is obvious that the ground directly beneath the aircraft is the 


closest reflecting object. Therefore, the first return which can 
appear on the scope will be from this ground point. Since it takes 
some finite period of time for the radar pulses to travel to the 
ground and back, it follows that the sweep must travel some 
finite distance radially from the center of the scope before it 
displays the first return. Consequently, a hole will appear in the 
center of the scope within which no ground returns can appear. 
Since the size of this hole is proportional to altitude, its radius 
can be used to measure altitude. Thus, if the radius of the 
altitude hole is 12,000 feet, the absolute altitude of the aircrafts 
12,000 feet. 


ABSOLUTE ALTITUDE 30,400 FEET 


WITHOUT ALTITUDE DELAY 


Figure 8-10. Altitude Delay Eliminates the Hole. 





WITH ALTITUDE DELAY 
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Although the altitude hole may be conviently used to measure 
altitude, it occupies a large portion of the scope face, especially 
when the aircraft is flying at a high altitude and using a short 
range. This may be seen in figure 8-10. In this particular case, 
the range selector switch is set for a 10-mile range presentation. 
Without altitude delay, the return shown on the first 5 miles of 
the scope consists of the altitude hole, and the return shown on 
the remaining 5 miles is a badly distorted presentation of all of 
the terrain within 10 miles of the point below the aircraft. To 
obviate such a condition, many radar sets incorporate an altitude 
delay circuit which permits the removal of the altitude hole. This 
is accomplished by delaying the start of the sweep until the radar 
pulse has had time to travel to the ground point directly below 
the aircraft and back. Hence, the name altitude delay circuit. 
The altitude delay circuit also minimizes distortion and makes it 
possible for the radarscope to present a ground picture which 
preserves the actual relationships between the various ground 
objects. 


Sweep Delay 


Sweep delay is a feature which delays the start of the sweep 
until after the radar pulse has had time to travel some distance 
into space. In this respect, it is very similar to altitude delay. The 
use of sweep delay enables the radar operator to obtain an 
enlarged view of areas at extended ranges. 


NO SWEEP DELAY 
50-MILE RADIUS 


Figure 8-11, Sweep Delay Provides Telescopic View. 





For example, two targets which are 45 miles from the aircraft 
can only be displayed on the scope if a range scale greater than 
45 miles is being used. On the 50-mile range scale, the two 
targets might appear very small and close together. By introduc- 
ing 40 miles of sweep delay, the display of the two targets will 
be enlarged as long as the range displayed on the scope is less 
than that displayed before sweep delay was introduced. For 
instance, if the scope is on a 50-mile range scale, as in the 
preceding example, introducing 40 miles of sweep delay would 
have no enlarging effect unless the range being displayed is 
reduced to some value below 50 miles (figure 8-11). The more 
this range is reduced, the greater will be the enlarging effect. On 
some sets, the range displayed during sweep delay operation is 
fixed by the design of the set and cannot be adjusted by the 
operator. 


lso-Contour 


Detection of hazardous weather’s presence with most radar 
units is not difficult in the normal mapping mode. The weather 
mode of equipped aircraft offers an increased sensitivity to 
weather phenomenon. But to discriminate between areas of 
varying hazards presents a dilemma. Reflected energy from 
weather is dependent on the density of the rain and hail it 
contains. The limitations of PPI capabilities to display these 
dynamic characteristics make detection of the more intense 


50-MILE SWEEP 
DELAY ENTERED 


8-10 


areas difficult. Furthermore, the human eye is ineffective in 
detecting the slight variations in shading. 

The iso-echo or iso-contour control compensates for this 
deficiency by presenting a void area on the PPI corresponding to 
a hazardous area in the weather environment. This void area, the 
“black hole,’’ is dependent on a control that the operator sets to 
define the intensity of the area that is to be avoided. For in- 
stance, say only the largest cells of weather are desired to be 
displayed. The operator would set the appropriate control and, 
on the PPI, the weather depiction would be present. The areas 
within the weather where the most hazardous cells were located 
would be no-show areas or ‘‘black holes.’’ The iso-contour 
circuits are capable of sensing the variation in the received 
signals and act like a radio ‘‘squelch’’ control to block presenta- 
tion of selected intensitities. A word of caution! Iso-contour is 
not selective in the targets it will block. If ground returns are 
received by the radar and a portion of their intensity falls into the 
range Selected to be blocked, they too will be blocked from the 
scope (figure 8-20). 


Radar Beacon 


Radar beacons (racon) have been used for many years in 
air-to-ground operations. In the past, airfields had beacons 
visible on radar much like a nondirectional beacon but most are 
now decommissioned. Aircraft IFF-SIF transponders are the 
outgrowth of this earlier equipment. Radar beacons are still used 
in air-to-air operations by SAC and TAC for types of rendez- 
VOUS. 

Racons consist of interrogator and responder units operating 
from different locations. In most cases, an interrogator pulse is 
transmitted which triggers the responder. The responder gener- 
ates a coded pulse which is then transmitted. The coded return is 
received by the interrogator and the usual time lapse and azi- 
muth or sweep relationships are used to display the coded 
retums on the PPI. The time needed for generation of the return 
Dulse Causes a range error amounting to 1/2 mile, generally. 


BEACON CODE 
1-2-2 





‘igure 8-12. Radar Beacon Returns. 
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on the scope. 


Sensitivity Time Constant (STC) 


Most radar sets produce a ‘‘hot spot’’ in were : 
radar-scope because the high gain setting requil ccna 8 
weak echos of distant targets overamplifies thé a a ; 
nearby targets. If the receiver gain setting is red iC a 
to eliminate the ‘‘hot spot,’’ distant returns '@ ny: : 
eliminated entirely. The difficulty is most | ro ne. 
radar is used during low-level navigation; to make r, 
radar, the navigator is forced to adjust the eee ae 
constantly. on ‘ 

STC solves the problem by increasing the gain ast tiie 
beam is deflected from the center to the edge of the’ 7 
automatically providing an optimum gain setting for ¢agn 
displayed. In this manner, the ‘‘hot spot’’ is remove 
distant targets are amplified sufficiently. 

STC controls vary from one model radar set to sates Refe 
to the appropriate technical order for operating instructions. 


f 


Terrain Avoidance Radar 


With the increased emphasis on low-level flights, better 
equipment was needed for flying safety. Terrain avoidance radar 
(TAR) gives the aircrew all-weather, low-level capability. As 
mentioned earlier, interpreting mountain shadows on a no 
radarscope can be confusing. There is no time for indecision 4 
low levels and at high speeds. TAR increases safety and elimi- 
nates confusion by displaying only those vertical obstructions 
which project above a selected clearance plane. 

The two basic types of presentation used with terrain avoid: 
ance radar are illustrated in figure 8-13. 

Plan Display. The plan display is a sector scan presentatioo 
that indicates the range and direction of obstructions projecting 
above a selected clearance plane. The clearance plane cal 
manually set at any level from 3,000 feet below the aircraftup® 
the level of the aircraft. In figure 8-15, assume that the clearanc 
plane, represented by the shaded area, is set | ,000 feet below the 
aircraft. Only those peaks projecting above the clearance plane 
are displayed; all other returns are inconsequential 
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Figure 8-13. Terrain Avoidance Radar Presentations. 


eliminated. The sector scan presentation limits the returns to 
those ahead of the aircraft. The ground track of the aircraft is 
represented by the vertical line and ranges are determined by 
Tange marks. 

Profile Display. The profile display, normally received only 
by the pilot, provides an outline of the terrain 1,500 feet above 
and below the clearance plane. Elevations of returns are repre- 
sented vertically; azimuth is represented horizontally. This dis- 
play gives the operator a look ‘‘up the valley.’’ The returns seen 
represent the highest terrain within the selected range. The 
Position of the aircraft is represented by an engraved aircraft 
symbol on the indicator overlay. Figure 8-13 shows both a 
3-mile and a 6-mile presentation. 


Techniques on Radar Usage 


Radar sets in current usage offer variations of special equip- 
ment and capabilities. The following are techniques to use with 





radar in common situations and with special equipment de- 
signed to enhance radar usage. These are basic suggestions that 
can and should be adapted to specific aircraft and mission 
requirements. 


Radar Fixing 


Techniques in radar fixing change from operator to operator 
and most provide accurate results. The following are reminders 
that will affect the fix accuracy if not considered. 

Radar is an aid to DR. Before any radar return can be accu- 
rately identified, the operator should be familiar with a chart of 
the target area. This chart study relies on knowing the approxi- 
mate location of the aircraft, and therefore, it is essential to radar 
fixing that the best possible dead reckoning position be ascer- 
tained. 

In examining the area surrounding the DR on the chart, 
attention should be given to details like roadways and water- 


2 . 


ys as well as the more prominent urban returns. Cultural 
ums build up along such byways therefore discrepancies 
tween the chart (which could be years old) and the PPI display 
1 be more successfully analyzed. 

Prior to fixing, take care to adjust gain, antenna tilt, and check 
heading marker error. If a mechanical cursor is used, insure 
center is aligned with the origin of the sweep or a parallax 
or could ensue. 

Do not accept a return on the scope as the chosen target unless 
as been verified using surrounding returns. Blind acceptance 
even ‘‘obvious’’ returns has led to errors. Work from chart to 
ype. If a desired target does not show but there is a return on 
PPI that (it is believed) is recognized, go back to the chart 
1 find something with which to verify the return before fixing 
m it. 

When. obtaining fix readings, remember to compensate for 
erent scope errors. If the fix is a multirange or multi-bearing 
e, the targets should be chosen to provide the optimum cut. 
1en multiple targets are used, the returns that are changing 
ir values the fastest should be ‘‘fixed’’ closest to fix time 
ith multirange, a target off the nose changes range faster than 
one off the wing). 


int Range 


Ince a return has been identified, it may be used to fix the 
sition of the aircraft by measuring its bearing and distance 
m the known geographical point. Of particular significance 
any discussion of radar ranging is the subject of slant range 
sus ground range (figure 8-14). Slant range is the straight- 
> distance between the aircraft and the target, while ground 
ge is the range between the point on the Earth’s surface 
>ctly below the aircraft and the target. 
[o fix the position of the aircraft, the navigator is interested in 
ground range from the fixing point. Yet the fixed range 
rkers give slant range. The problem, then, is to determine the 
ical range below which the navigator must convert slant 
ge to ground range in order not to introduce significant errors 
he fixes. This critical range may be determined. by a simple 
mula: 
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Absolute Altitude — 5,000 


1,000 ao 
= Critical slant range (in NM) eS 
Example: 30,000 (Absolute Altitude in 1 cet) - 5,06 
1,000 
= 25NM 


In this example, if the slant range is less than 2! 5 mil 
should be converted to ground range before the fix: is plo 
ranges in excess of 25 miles, slant range wo d sot 
approximate ground range that conversion would bet unn 
Sary. 

Slant range can be converted to ground range using 
latitude and longitude lines of a chart if the slant range tab 
not available. Set dividers at the slant range distance to the 
target. Place point #1 of the dividers at the equivalent (in 
nautical miles) of the aircraft’s altitude on the longitude line. Se 
point #2 where it meets a nearby latitude line. Without mo in g 
point #2, reset point #1 along the latitude line at the intersec- 
tion of the latitude and longitude lines. The distance, in nautical 
miles, between points | and 2 is the ground range (figure 8-15). 
Slant range correction charts are provided in figures 8-16 and 
8-17. 


Side Lobe Cancellation 


Side lobes are phenomena created due to antenna design and 
strong gain requirements. In the quest to pulse large amounts of 
RF energy but focus it in small cross-sections, antenna design 
has a recognized, but accepted flaw. Small subsidiary fields of 
microwave energy called side lobes are generated. These rarely 
are strong enough or big enough to generate a return and, 
therefore, are ignored. In the case where a very reflective target 
is close enough to come into this field or when the transmitter 
power increases the size of the lobes, they will generate multiple 
‘*shadow’’ returns on the PPI. Like the “‘ring around’’ in racon 
systems, the shadow returns are offset from the true retum 
(generated by the main pulse) by the same relationship that the 
side lobes have to the main pulse. 

The problem being an excessive amount of gain, the best 
solution is reduction of the gain where and when the phe- 
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ure 8-14. Slant Range Compared to Ground Range. 
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Radar computer systems provide such capabilities as preci- 
sion position determination, wind runs, and bomb runs. These 
computers range from the relatively simple to the enormously 
complex. 

Regardless of the type, all computers require certain informa- 
tion that must be fed into the system either manually or electron- 
ically. In turn, the computer will furnish the navigator with the 
position of the aircraft at any time. If a wind has been computed, 
this position will be an accurate DR position; if no wind is set 
into the system, the position will be an air position. 

The computer system accomplishes this in the following 
manner. First, the navigator sets in a departure point by taking a 





Yost vines fix on a known object. Next, one of two actions will occur. 
: . Either the latitude and longitude of the fix is manually fed to the 
Figure 8-15. Slant Range Solution from Chart. computer, or the computer, through a tie-in to the PPI, deter- 


mines the fix coordinates (based on its range and bearing from 
the coordinates of a preentered target). From this point on, the 


nomenon is observed. system computes the departure from that point. Normally, the 
navigator will compute a wind at the same time that the fix is 
Radar Computers being-taken. This wind is set into the system and the computer 


will continue to use this wind until another is set in. Since the 
Because of the increasing complexities of navigation and _ navigator manually sets in the departure point and the wind, 
bombing problems in modern high-speed aircraft, various com- — some system must be incorporated to provide TH and TAS. This 
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Figure 8-16. Slant Range Correction Chart. 
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SLANT RANGE 


20NM 25NM 30NM 35NM 40NM 


19.9 24.9 29.9 34.9 40.0 
19.9 24.9 29.9 34.9 39.9 
19.9 24.9 29.9 34.9 39.9 


19.8 
19.8 


24.9 
24.8 


29.9 
29.9 
















19.8 24.8 29.9 34.9 39.9 
19.8 24.8 29.8 34.9 39.9 
19.7 24.8 29.8 34.8 39.9 


19.7 24.8 29.8 


19.7 24.7 29.8 34.8 39.8 
19.7 24.7 29.8 34.8 39.8 
19.6 24.7 29.7 34.8 39.8 
19.6 24.7 29.7 34.8 39.8 


19.5 24.6 29.7 





















Absolute 
Altitude 
(Thousands 
of feet) 5NM 1ONM 15NM 
13 4.5 9.8 14.9 
14 4.5 9.8 14.8 
15 4,4 9.7 14.8 
16 14.8 
17 , 14.7 
18 4.0 9.5 14.7 
19 3.9 9.5 14.7 
20 3.7 9.4 14.6 
21 14.6 
22 3.5 9.3 14.6 
23 3.3 9.3 14.5 
24 3.0 9.2 14.5 
25 2.8 9.1 14.4 
26 14.4 
27 : 14.3 
28 2.0 8.9 14.3 
29 1.5 8.8 14.2 
30 8 8.7 14.2 
31 14.1 
32 8.5 14.1 
33 8.4 14.0 
34 8.3 13.9 
35 8.2 13.9 
36 13.8 
37 7.9 13.7 
38 7.8 13.6 
39 7.7 13.6 
40 75 13.5 
4l 13.4 





sure 8-17. Slant Range/Ground Range Table. 


ccomplished electrically by integration with the compass and 
yt-static systems. Thus, as the aircraft progresses along track, 
navigator can determine the DR position at any time. 


‘get Timing Wind 


This is a technique for obtaining a wind by using radar targets 
srovide track and groundspeed of an aircraft. The MB-4 
puter solution for wind requires true heading (TH), true 
peed (TAS), drift angle (DA), and groundspeed (GS). The 
t two can be derived from basic aircraft instruments (IAS and 
apass). The other two require a target which can be tracked 














19.5 24.6 29.7 


19.5 24.6 29.7 34.7 39.7 
19.4 24.5 29.6 34,7 39.7 
19.4 24.5 29.6 34.7 39.7 
19.3 24.5 29.6 34.6 39.7 














19.3 24.4 29.5 34.6 39.6 
19.2 24.4 29.5 34.6 39.6 
19.2 24.4 29.5 34.6 39.6 
19.1 24.3 29.4 34.5 39.6 
19.1 24.3 29.4 34.5 39.6 








19.0 24.2 29.4 34.5 39.5 
19.0 24.2 29.3 34.4 39.5 
18.9 24.2 29.3 34.4 39.5 
18.9 24.1 29.3 34.4 39.5 
18.8 24.1 29.2 34,4 39.4 





for about 4 minutes and which is preferably within 20 degrees of 
the radar heading marker. The identity of the target is irrelevant 
but it should not be so big as to make range and bearing 
determination vague, or so small that it will disappear. Choose a 
target that has just begun to appear on the scope and take its 
range and bearing. Also, start a stopwatch or note the minute 
and seconds on aclock so elapsed time can be measured. At least 
two range and bearings should be taken over a distance of 20 to 
25 NM. One technique is to fix at the 40, 30, and 20 NM range 
marks to space the fixes evenly. At the last observation, stop the 
watch and determine the elapsed time. On the windface grid of 
the MB-4, place the grommet over the center mark of the top 
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STEP 4 ROTATE COMPASS ROSE * 


TO ALIGN +’s WITH GRID LINES. 
READ TRACK UNDER INDEX. 
DETERMINE DISTANCE FROM 
FIRST TO LAST +. 


STEP 5 USE TRACK, DISTANCE 
AND INSTRUMENT READINGS 
TO COMPUTE WIND. 


Figure 8-18. Target Timing Wind Solution. 


reference line. Turn the compass rose to the azimuth of the first 
fix. Using your own values for each of the horizontal grid lines, 
plot a point representing the range of the first fix (going down). 
Then, turn the compass rose to the azimuth of the second fix and 
plot a point (measuring from the top line again) representing the 
range of the second fix. Repeat for the successive fixes (see 
figure 8-18). | 
To solve for the wind, rotate the compass rose so that the three 
plotted lines are parallel to the vertical grid lines and read the 
track under the true index of the compass rose. Then, determine 
the GS by measuring the distance between the first and last 


plotted points using the grid lines. Using track and TH, find the 
DA and use the standard MB-4 wind solution. 
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Example: 

TH = 320° Fix | 310° 40 NM 
TAS = 400° Pik 2 308° 30 NM 
Time = 3+30 min Fix 3 305° 20 NM 
Solution: 
TC = 316° 

GS = 352k 


Wind = 349°/53k 


Airborne Radar Approach 


The airborne radar approach (ARA) may be described as a 


GCA in reverse. It is used only as.an emergency procedure in 
Digitized by \ 3©) ( VQ € 
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marginal weather conditions if air-to-ground communication is 
impossible and no radio navigation aids are available. However, 
it should be practiced often against the time when it may be the 
only method of effecting a safe landing. Even when the letdown 
and approach are directed by ground radar, such direction 
should be monitored by the navigator on the airborne radar. 

The ARA involves the use of the airborne radar set to guide 
the aircraft to a point on the final approach where the pilot can 
either complete the landing visually or decide that the landing 
cannot be safely completed. 

There are two main phases in the airborne radar approach— 
the letdown and the approach itself. The letdown is normally 
accomplished from a nearby VOR or TACAN station in accord- 
ance with published procedures. If these are not available, the 
navigator must pick a point on the extension of the runway that 
will provide adequate time for descent and early alignment of 
the aircraft with the runway. 

After completion of the letdown, the approach itself is begun. 
Again, the procedures used vary with the capabilities of the 
radar used. Monitoring the runway environment, the navigator 
should provide headings, altitude calls, and distance-to-the- 
runway information for the pilots. Terminal approach plates 
should be used to locate possible hazards. In general, on radar 
sets equipped with computers, the cross-hairs are used to moni- 
tor the distance and direction to the end of the runway; on the 
other sets, the fixed range markers are used. When moveable 
etched cursors are used for runway alignment reference, the 
landing environment should move along the cursor (indicating 
the aircraft is flying straight towards the field). Any drifting 
from this path should prompt a heading change. Remember to 
monitor drift angle changes since, as the aircraft descends 
through different altitudes, the wind structure will shift. 

Caution should be used when flying an ARA without backup 
navigational aids for orientation and when using an AZ STAB 
setting other than north orientation. Insure familiarity with run- 
way location and direction relative to surrounding returns. It is 
possible to fly an apparently good approach to the field only to 
find that the aircraft is over the threshold but considerably off the 
runway heading. Again, a point on the runway extension should 
be used for initial alignment with the runway to avoid this 
problem. The specific steps for each type of radar are included in 
the appropriate aircraft flight handbook. 


Station Keeping 


Station keeping is a technique wherein radar is used to main- 
tain a fixed position relative to one or more aircraft in flight. 
Today’s formations may require separations on the order of a 
mile or more. 

At distances such as this, radar provides a means of perform- 
ing station keeping more accurately. In addition, it is superior to 
the visual method of formation flying since it is an all-weather 
method. 

Positions within the formation are maintained with fixed or 
variable range markers or with the crosshairs. With radar sets 
having directional ‘‘pencil-type’’ beam, returns appear on any 
portion of the scope. On the other sets, the various aircraft in the 
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formation appear in the altitude hole. Ds. 
Aircraft equipped with station keeping ae Den 


In trial formations, airspeed is the most important® spect i 
maintaining assigned separation. It is not sufficient to match the 
lead aircraft’s airspeed. Compensation must also be made for 
altitude differences. As a general rule, 3 knots of IAS increase 
for every 500 feet above lead’s altitude will usually keep 
groundspeeds close. By working the TAS to IAS conversion on 
the MB-4, an exact compensation may be achieved for each 
situation. 

In an offset formation, the airspeed and angular adjustments 
must be combined which slightly complicates the technique. It 
is recommended that the angular offset and desired separation be 
marked on the scope with either a mechanical or an electronic 
cursor. When flying in formations, extreme corrections should 
be avoided. Corrections should be planned to be quick but 
should cause the least confusion. 

For example, assume a 60° offset at 1 NM is to be maintained. 
To establish the position, myriad of combinations are possible 
but a basic approach is presented here (see figure 8-19). First, 
maneuver the aircraft so that the lead’s radar return is at the 
desired distance from the heading marker (in this case— 1 NM) 
and turn to lead’s heading. Secondly, adjust airspeed so that 
lead’s return moves parallel to the heading marker toward the 
angular offset (this mechanical cursor is offset 60° from the 
heading flash). Once in position, adjust airspeed to match lead’s 
(compensate for altitude as above). Equipment and capabilities 
vary among aircraft so expand upon these basics as necessary. 


Navigation Through Weather 


The use of radar for weather avoidance has become in- 
creasingly important in recent years from the standpoint of both 
safety and operational flexibility. Severe turbulence, hail, and 
icing associated with thunderstorms constitute severe hazards to 
flight. It is mandatory that these thunderstorms be avoided 
whenever possible. Airborné weather radar, if operated and 
interpreted properly, can be an invaluable aid in avoiding thun- 
derstorm areas. 

Several factors affect the radar returns from thunderstonns, 
and the operator must be aware of these and the limitiations they 
impose on the weather radar if optimum use of this tool is to be 
achieved. Some of these factors are nonmeteorological and 
depend on the characteristics of the radar set and the way it is 
operated. The same weather target can vary considerably in its 
radarscope appearance as the operators change the operating 
characteristics of the set. Operators must insure that they are 
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Figure 8-19. Station Keeping. 


using the set as designed for weather avoidance. Primary 


meteorological factors which affect radar returns are the size, 
shape, number, and phase of the water droplets in the weather 
target and atmospheric absorption characteristics between the 
radar antenna and the target. The most important factors are the 
number and size of the water droplets. 

The operator must realize that the predominant weather- 
induced returns on most radarscopes are caused by precipita- 
tion-size water droplets, not by entire clouds. Intense returns 
indicate the presence of very large droplets. These large droplets 
are generally associated with the most hazardous phenomena; 
those with strong vertical currents which are necessary to main- 
tain these droplets in the cloud. It is possible, however, to 
encounter such strong turbulence in an echo-free area or even in 
an adjacent cloud-free area, so avoiding areas giving intense 
returns will not necessarily guarantee safe flight in the vicinity 
of thunderstorms. Various researchers have empirically deter- 
mined what they consider to be safe distances for avoiding these 
intense returns. These distances vary with altitude and echo 
characteristics. The avoidance procedures recommended by 
these researchers vary and change somewhat as research con- 
tinues. While similar they rarely recommend passing closer than 
10 miles to intense echoes at low altitudes. Avoidance by even 
greater distances is recommended at higher altitudes. Naviga- 
tors should make careful note of all areas forecast to have the 
potential for hazardous weather. Being forwarned is the best 
motivation for monitoring the area above the ground for 
hazards. 

Generally, the map mode of the radar with a moderate amount 
of gain applied is adequate for obtaining a return from hazardous 
cells. Sometimes, detection is hampered by ground returns in 
the area that hide the storm. Most often, this occurs in moun- 
tainous areas where ground returns are similar and the air mass 
lifting action in the area breeds the cells. For these reasons, any 
Opportunity to raise the beam above the ground (tilt) or narrow 
the beam (pencil beam) or both, are techniques that will speed 
weather detection. 


When weather is identified, its altitude should be judged. The 
pilots might provide a visual report or a ground station might 
know. In IFR conditions, raise the tilt until the weather return 
dissipates. The relative position of the tilt then might offer a 
judgment of the ‘‘tops,”’ but calibration of the tilt is not always 
certain so, when there is doubt, avoid the area. 

Weather avoidance with radar is mainly of two types: (1) 
avoidance of isolated thunderstorms, and (2) penetration of line 
of thunderstorms. The process of avoiding an isolated return is 
one of first identifying the return and then circumnavigating it at 
a safe distance. 

When a weather system is detected, its extent should be 
ascertained. Analyze the weather’s layout relative to planned 
track and decide either to deviate around it or penetrate the line. 
If the system is complex, attempt to determine if your deviation 
could lead to worsening the situation by flying into a ‘‘sucker- 
hole,’’ where a solid system could surround the aircraft. Some- 
times, what seems to be a good heading at low ranges will seem 
foolish when the long range view is analyzed. Remember, 
ARTCC can sometimes aid in this analysis. 

A simple technique for flying around weather at a preferred 
distance (say 20 NM) is the “‘flying disc’’ technique. Imagine 
the aircraft is a disc defined by the 20 NM range mark on the 
PPI. The heading marker is the ‘‘nose’’ of the disc. Draw an 
imaginary tangent from the disc to the edge of the weather (or 
use a pencil or plotter). Turn the aircraft the same number of 
degrees that it would take to get the heading marker to fire 
parallel to the tangent. After the turn, recheck the heading in the 
same manner. This technique works best with a scan of more 
than 180° (figure 8-20). Radars with sector scan less than 180° 
can adapt more readily to this technique. Penetration of a line of 
thunderstorms presents a somewhat different problem. Since the 
line may extend for hundreds of miles, circumnavigation is not 
often practical nor even possible. If the flight must be continued 
and the line penetrated, the main objective is to avoid the more 
dangerous areas in the line. 

An example of frontal penetration using radar is shown in 





Watch for Tangent to Clear Weather 


8-20. Weather Avoidance. 


-21. If the aircraft is equipped with iso-contour, then it 
sed to discriminate between the safe and violent areas. 
‘it, decreasing the gain will work to highlight the worst 
iving the densest of the water cells, in most cases, as the 
ms on the PPI. Upon approaching the line, the navigator 
res an area which has weak or no returns, and which is 
ough to allow avoidance of all intense returns by the 
ended distances throughout penetration. The navigator 
lis as the penetration point and directs the aircraft to that 
aking the penetration at right angles to the line so as to 
n the bad weather areas for the shortest possible time. 
re must be taken to avoid the dangerous echoes by the 
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ISO-ECHO 


Further Alter Required 





Return to Course 


safe distances. It should be emphasized that penetration of aline 
of severe thunderstorms is always a potentially dangerous pro- 
cedure. It should be attempted only when continuation of the 
flight is mandatory and the line cannot be circumnavigated. In 
all cases, when deviating from flight-planned route, advise 
ARTCC of your intentions, when able. 


Procedure Turns 
A procedure turn is one so planned that the aircraft will roll on 


the proper heading to make good a predetermined track. In 
bombing, for example, the bomb run to the target must begin 
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C. All clear — 
return to 
original course 


penetration area. 





DANGER AREA 





Figure 8-21. Penetration of Thunderstorm Area. 


from a fixed point, called the IP (initial point). To roll out on the begin at some point prior to the IP. This situation is show 
track from the IP to the target, the turn onto the bomb run must figure 8-22. There are several methods of executing the pr 


8-20 





Figure 8-22. Executing a Procedure Turn. 


dure turn. 

Computing the Point to Start the Turn. The point at which a 
procedure turn should begin is computed on the basis of the 
amount of turn to be made, the turning rate, and the groundspeed 
of the aircraft. The turn angle and the groundspeed must be 
determined prior to the turn, through normal navigational proce- 
dures. The turn rate is governed by local directives, but it 1s 
usually a one-quarter or one-half needlewidth turn. A one- 
quarter needlewidth turn is an 8-minute, 360° turn, and a one- 
half needlewidth turn is a 4-minute, 360° turn. 

To find the turn distance, enter the table in figure 8-22 for the 
urning rate to be used. At the intersection of the groundspeed 
>olumn and the degree of turn column, read the ground distance 
rom the IP to the actual turning point. Plot this distance on the 
‘hart. In the illustration, the aircraft is approaching the IP on a 
rue heading of 015° at a groundspeed of 250 knots. The true 
\eading to the target is 085°. Enter the table with 250 knots and 
0° (085°—015°); the difference between the new heading and 
1e old one. The distance from the IP to start the turn is 3.5 

autical miles. The problem now becomes one of determining 
then the aircraft is at the turning point. This is found in several 
rays. | 

Fixed Range Marker Method. The slant range corresponding 

) the ground range distance can be computed. When the IP 
ypears at the proper slant range on the scope as indicated by the 
xed range markers, execute the turn. 


Variable Range Marker Method. When using a radar set on 


hich there is a variable range marker, execute the turn when ~ 


e IP intersects the VRM. 
Bearing Method. If the bearing from the turning point to some 
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easily identifiable ground point is measured, make the tum 
when the bearing of the aircraft to this point reaches the mea- 
sured bearing. For greatest accuracy, the line of bearing from 
the turning point to the reference point should intersect the track 
at approximately a right angle. a” 
Off-Course Method. If the aircraft is not on the desired 
to the IP, each of the three methods described above; ae 
inaccurate. For example, if the aircraft is several miles t o" on] 
of track and the radar operator waits until the IP is 3.5. ian oe 
miles from the aircraft, the aircraft will roll out on a 3 be, Ha 








marker reading does not agree with 360° when azimuth abi- 
lization is not used. 3 

Example: If the TH is 125° and the heading marker reads 
120°, all of the returns on the scope will indicate a bearing which 
is 5° less than it should be. Therefore, if a target indicates a 
bearing of 50°, 5° must be added to the bearing before it is 
plotted. Conversely, should the heading marker read 45° when 
the TH is 040°, all of the scope returns will indicate a ‘bearing 
which is 5° more than it should be. Therefore, if a target 
indicates a bearing of 275°, 5° must be subtracted from the 
bearing before it is plotted. The greater the distance of the target 
from the aircraft, the more important this heading marker cor- 
rection becomes. 
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‘3 . . . . 7 . . 

In celestial navigation, the position of the aircraft is deter- 
‘mined by observing the celestial bodies. The apparent position 
“Of these bodies in respect to a point on the Earth changes with 


‘time. Therefore, the determination of the position of the aircraft 
eS ON exact timing of the observation. 


ve MEASURING TIME 


~ Time is measured in terms of the rotation of the Earth and the 
resulting apparent motions of the celestial bodies. Several diffe- 
rent systems of measurement, each of which has a special use, 
are considered in this chapter. 

Before getting into the actual discussion of the various kinds 
of time, there is one basic term that must be understood. That 
term is transit. The time at which a body passes the observer's 
meridian is divided by the poles into halves. Notice in figure 9- | 
that the upper branch is that half which contains the observer's 


Chapter 9 


TIME 


position. The lower branch is the opposite half. Every da: 
because of the Earth’s rotation, every celestial body transits tt 
upper and lower branches of the observer’s meridian. As me! 
tioned before, there are several kinds of time. The first presente 
here is solar time. 


Apparent Solar Time 


The Sun as seen in the sky is called the true Sun, and is al: 
referred to as the apparent Sun. Apparent solar time is base 
upon the movement of the Sun as it crosses the sky. A sundi 
would accurately indicate apparent solar time. 

The use of apparent solar time is impractical because tt 
apparent length of day varies throughout the year. A timepie« 
would have to operate at different speeds to indicate corre 
apparent time. However, apparent time accurately indicat 
upper and lower transit. Upper transit occurs at noon appare 





Figure 9-1. Transit is Caused by the Earth’s Rotation. 
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ime and lower transit at 2400 apparent time. The difficulties 
itilizing apparent time led to the introduction of ‘*mean time.’’ 


Mean Solar Time 


A mean day is an artificial unit of constant length, based on 
he average of all apparent solar days over a period of years. 
lime for a mean day is measured with reference to a fictitious 
»0dy, the mean Sun, so designed that its hour circle moves 
westward at a constant rate along the celestial equator. Time 
-omputed using the mean Sun is called mean solar time and is 
nearly equal to the average apparent solar time. The coordinates 
of celestial bodies are tabulated in the Air Almanac with respect 
‘oO mean solar time, making it the time of primary interest to the 
navigator. 

The difference in length between the apparent day (based 
ep the *‘true’’ Sun) and the mean day (based upon the 

‘*mean’’ Sun) is never as much as a minute. The differences are 
Sumulative, however, with the result that the imaginary mean 
Sun is considered to precede or follow the apparent Sun by 
approximately a quarter of an hour at certain times during the 
year. 


Greenwich Mean Time (GMT) 


GMT is especially important in celestial navigation since it is 
he time used for most celestial computation. Greenwich mean 
‘ime is mean solar time measured from the lower branch of the 
Greenwich meridian westward through 360° to the upper branch 


of the hour circle passing through the mean Sun (figure 9-2). 
The mean Sun transits the lower branch of the meridian of 


Greenwich at GMT 2400 (0000) each day and the upper branch 
it GMT 1200. The meridian at Greenwich is the logical selec- 
10n for this reference, as it is the origin for the measurement of 
Sreenwich hour angle and the reckoning of longitude. Conse- 





‘igure 9-2. Measuring Greenwich Mean Time (GMT). 


events. 


Local Mean Time (LMT) 






branch of the observer’s faetidian westward through 3 60 pO", ti 
upper branch of the hour circle passing through the mear 
(refer to figure 9-2). The mean Sun transits the lower brant | of 
the meridian of an observer at LMT 0000 (2400) and the upper 
branch at LMT 1200. Note that, if an observer were at the 
Greenwich meridian, GMT would also be the LMT of the 
observer. 

LMT is not used to regulate everyone’s activities because 
LMT, being based on the meridian of each observer, varies 
continuously with longitude. This disadvantage of LMT has led 
to the introduction of zone time as the basis for governing 
routine activities. The navigator uses LMT in the computation 
of local sunrise, sunset, twilight, moonrise, and moonset at 
various latitudes along a given meridian. 


RELATIONSHIP OF TIME AND LONGITUDE 


It has been established that the mean Sun travels at a constant 


_ rate. Consequently, the mean Sun will make two successive 


transits of the same meridian in 24 hours. Therefore, the mean 
Sun travels an arc of 360° in 24 hours. The following rela- 
tionship exists between time and arc. 


Time Arc 

24 hours 360 degrees. 
| hour IS degrees 

4 minutes | degree 

1 minute 15 minutes 

4 seconds 1 minute 


Local time is the time at one particular meridian. Since the 
Sun cannot transit two meridians simultaneously, no two meri- 
dians have exactly the same local time. The difference in time 
between two meridians is the time of the Sun’s passage from one 
meridian to the other. This time is proportional to the angular 
distance between the two meridians. One hour is equivalent to 
15°. 

If two meridians are 30° apart, their time differs by 2 hours. 
The local time is later at the easternmost of the two meridians, 
since the Sun has crossed its lower branch first; thus the day is 
older there. These statements hold true whether referring to the 
apparent Sun or the mean Sun. Figure 9-3 demonstrates that the 
Sun crossed the lower branch ofthe meridian of observer #1 at 


AFM 51-40 


15 March 1983 





Figure 9-3. Local Time Differences at Different 
Longitudes. 





60° east longitude 4 hours before it crossed the lower branch of 
the Greenwich meridian (60 divided by 15), and 6 hours before it 
crossed the lower branch of the meridian of observer #2 at 30° 
west longitude (90 divided by 15). Therefore, the local time at 
60° east longitude is later by the respective amounts. 
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behind that of Greenwich. Conversely, traveling eastward, the 
watch would have been advanced a total of 24 hours— gaining < 
day in comparison with Greenwich. 

To keep the records straight, it is necessary to add a day 
somewhere if going around the world to the west, and to lose ¢ 
day if going around to the east. The 180° meridian was selectec 
arbitrarily as the international date line where a day is gained o1 
lost. The date line follows the meridian except where it make: 
broad detours to avoid eastern Siberia, the western Aleutiar 
Islands, and several groups of islands in the South Pacific. 

The local civil date changes at 2400 or midnight. Thus, the 
date changes as the mean Sun transits the lower branch of the 
meridian. 

Consider the situation in another way. The hour circle of the 
mean Sun is divided in half at the poles. On the half away from 
the Sun (the lower branch), it is always midnight local mear 
time. As the lower branch moves westward (figure 9-5) it pushes 
the old date before it and drags the new date after it. As the lowe: 
branch approaches the 180° meridian, the area of the old date 
decreases and the area of the new date increases. When the 
lower branch reaches the date line, that is, when the mean Sur 
transits the Greenwich meridian, the old date is crowded out anc 
the new date for that instant prevails in the world. Then, as the 
lower branch passes the date line, a newer date begins east of the 
lower branch, and the process starts all over again. (Because 0 
the irregularities of the date line, the lower branch of the how 
circle of the mean Sun cannot coincide with the date line at any 
time. Therefore, strictly speaking, it is never the same date al 


over the world). 

The zone date changes at midnight zone time, or when the 
lower branch of the mean Sun transits the central meridian of the 
zone. 





Standard Time Zone 


The world has been divided into 24 zones, each zone being 
15° of longitude in width. Each zone uses the LMT of its central 
meridian. Since the Greenwich meridian is the central meridian 
for one of the zones, and each zone is 15° or one hour wide, the 
time in each zone differs from GMT by an integral number of 

hours. The zones are designated by numbers from 0 to + 12 and 
— 12, each indicating the number of hours which must be added 
or subtracted to local zone time (LZT) to obtain GMT. Thus, 
since the time is earlier in the zones west of Greenwich, the 
numbers of these zones are plus, in those zones east of Green- 
wich, the numbers are minus (figure 9-4). Sometimes, zones are 
designated by letters of the alphabet for additional reference. 

The zone boundaries have been considerably modified to 
conform with geographical boundaries for greater convenience. 
For example, in case a zone boundary passed through a city, it 
would be impractical to use the time of one zone in one part of 
the city and the time of the adjacent zone in the other part. In 

‘some countries, which overlap two or three zones, one time is 
used throughout. 


Date Changes at Midnight 


Typically, when traveling west from Greenwich around the 
world and setting one’s watch back an hour for each time zone, a 
navigator would have set the watch back a total of 24 hours upon 
arriving back at Greenwich and the date would be one day 





Figure 9-4, Standard Time Zones. 
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ure 9-5. Zone Date Changes. 


ne Conversion 


[here are times when it is necessary to convert from local 
e to GMT, or from GMT to local (figure 9-6). To aid in this 
cess, the Air Almanac contains a table for conversion of arc 
ime (figure 9-7). The table is based upon the Sun covering 
of arc in | hour of time. 

This conversion is only good for LMT to GMT, not zone time 


to GMT. Zone time is influenced by daylight savings time and 
geographical boundaries. For example, if a navigator wanted to 
convert GMT to LMT at 126° 36’W, table 12-1 of the Air 
Almanac would be utilized. The conversion factors would be: 
126° = 8 hr 24 min 
36’ = 2 min 24 sec 


126° — 36’ = 8 hr 26 min 24 sec 
To derive LMT for GMT, the time is subtracted in the Western 





ure 9-6. Time Conversion. 
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° hm ° hm ° bm ° h mw ° h m ° h m | me 

0 | 000 60 | 4 00 120 | 8 00 180 | 12 00 240 | 16 00 300 | 20 00 0 | © 00 

I © 04 6x | 4 04 12x | 8 04 18x | 12 04 241 | 16 04 30I | 20 04 I} 004 

2] 0 08 62 | 4 08 122 | 8 08 182 | 12 08 242 | 16 08 302 | 20 08 2/| © 0&8 

3 | 012 63 | 4 12 123 | 8 12 183 | 12 12 243 | 16 12 303 | 20 12 4] “6.42 

4] o 16 64 | 4 16 124 8 16 184 | 12 16 244 | 16 16 304 | 20 16 4| 0 16 

5 | © 20 65 | 4 20 I 8 20 185 | 12 20 245 | 16 20 305 | 20 20 5 | © 20 

6| 0 24 66 | 424 1€126| 8 24 J 186/ 12 24 246 | 16 24 306 | 20 24 6| 0 24 

7 | o 28 67 | 4 28 5 28 187 | 12 28 247 | 16 28 307 | 20 28 7| © 28 

8 | o 32 68 | 4 32 128 | 8 32 188 | 12 32 248 | 16 32 308 | 20 32 8 | o 32 

9 | o 36 69 | 4 36 129 | 8 36 189 | 12 36 249 | 16 36 309 | 20 36 9| © 36 

10 © 40 70 | 4 40 130 8 40 190 | 12 40 250 | 16 40 310 | 20 40 10 © 40 

Ir © 44 71 | 4 44 131 | 8 44 IQI | 12 44 251 | 16 44 3II | 20 44 II | © 44 

12 °o 48 72 | 4 48 132 | 8 48 192 | 12 48 252 | 16 48 312 | 20 48 12 | o 48 

13 | © 52 731 452 133 | 8 52 193 | 12 52 253 | 16 52 313 | 20 52 14] Oss 

14} © 56 74 | 4 56 134 | 8 56 194 | 12 56 254 | 16 56 314 | 20 56 14 | © 56 

15 I 00 75 | 5 00 135 | 9 00 195 | 13 00 255 | 17 00 315 | 21 00 15 I 00 

16 | 1 04 76 | 5 04 136 | 9 04 196 | 13 04 256 | 17 04 316 | 21 04 16| 1 04 

17 1 08 77 5 08 137 9 08 197 | 13 08 257 | 17 08 317 | 21 08 17 I 08 

18 I 12 7 | 5§ 12 138 | 9 12 198 | 13 12 258 | 17 12 318 | 21 12 18 i 12 

19 1 16 79 | 5 16 139 | 9 16 199 | 13 16 259 | 17 16 319 | 21 16 19 1 16 

20 I 20 80 | 5 20 140 | 9 20 200 | 13 20 260 | 17 20 320 | 21 20 

21 I 24 81 © 24 14I | 9 24 20I | 13 24 261 | 17 24 gay | 21 24 

22 | 1 28 82 | 5 28 142 | 9 28 202 | 13 28 262 | 17 28 322 | 21 28 

23 I 32 83 | 5 32 143 | 9 32 203 | 13 32 263 | 17 32 323 | 21 32 

24 | 1 36 84 5 36 144 | 9 36 204 | 13 36 264 | 17 36 324 | 21 36 

25 | 1 40 85 | 5 40 145 | 9 40 205 | 13 40 265 | 17 40 325 | 21 40 

26 | 1 44 86 | 5 44 146 | 9 44 206 | 13 44 266 | 17 44 326 | 21 44 

27| 1 48 87 | 5 48 147| 9 48 207 | 13 48 267 | 17 48 327 | 21 48 

28 | 1 52 88 | 5 52 148 | 9 52 208 | 13 52 268 | 17 52 328 | 21 52 

29} 1 56 89 | 5 56 149 | 9 56 209 | 13 56 269 | 17 56 329 | 21 56 

30 | 2 00 90 | 6 00 150 | 10 00 210 | 14 00 270 | 18 00 330 | 22 00 

31 2 04 gI 6 04 I5I | 10 04 2II | 14 04 271 | 18 04 33I | 22 04 

32 | 2 08 92 | 6 08 152 | 10 08 212 | 14 08 272 | 18 08 332 | 22 08 

a3 hi 2 12 93 | 6 12 153 | 10 12 213 | 14 12 273 | 18 12 333 | 22 12 

34] 2 16 94 | 6 16 154 | 10 16 214 | 14 16 274 | 18 16 334 | 22 16 

35 | 2 20 95 | 6 20 155 | 10 20 215 | 14 20 275 | 18 20 335 | 22 20 

36 | 2 24 96 | 6 24 156 | 10 24 216 | 14 24 276 | 18 24 336 | 22 24 

37 | 2 28 97 | 6 28 157 | 10 28 217 | 14 28 277 | 18 28 337 | 22 28 

38 | 2 32 98 | 6 32 158 | 10 32 218 | 14 32 278 | 18 32 338 | 22 32 

39 | 2 36 99 | 6 36 159 | 10 36 219 | 14 36 279 | 18 36 339 | 22 36 

40 | 2 40 100 | 6 40 160 | 10 40 220 | 14 40 280 | 18 40 340 | 22 40 2 

41 | 2 44 ror | 6 44 161 | 10 44 22x | 14 44 281 | 18 44 341 | 22 44 2 

42 | 2 48 102 | 6 48 162 | 10 48 222 | 14 48 282 | 18 48 342 | 22 48 42 | 2 48 

43 | 2 52 103 | 6 52 163 | 10 52 aA5.| 14.54 283 | 18 52 343 | 22 52 43:.| 2.52 

44 | 2 56 104 | 6 56 164 | 10 56 224 | 14 56 284 | 18 56 344 | 22 56 44 | 2 56 

45 | 3.00 105 | 7 00 165 | II 00 225 | 15 00 285 | 19 00 345 | 23 00 45 3 00 

46 | 304 106 | 7 04 166 | 11 04 226 | 15 04 286 | 19 04 346 | 23 04 46 | 3 04 

47 | 3 08 107 | 7 08 167 | 11 08 227 | 15 08 287 | 19 08 347 | 23 08 47 | 3 08 

48 | 3.12 108 | 7 12 168 | 11 12 228 | 15 12 288 | 19 12 348 | 23 12 48 | 3.12 
49) 3 16 109 | 7 16 169 | 11 16 229 | 15 16 289 | 19 16 349 | 23 16 49 | 3 16 

50 | 3 20 110 | 7 20 170 | II 20 230 | 15 20 290 | 19 20 350 | 23 20 50 | 3 20 

SI | 3.24 7xX | 9 24 171 | 11 24 231 | 15 24 291 | 19 24 351 | 23,24 SI | 3 24 

52 3 28 112 | 7 28 172 | 11 28 232 | 15 28 292 | 19 28 352 | 23 28 52 3 28 

53 | 3 32 113, | 7 32 173 | 11 32 233 | 15 32 293 | 19 32 353 | 23 32 53 | 3 32 

54 | 3 36 114 | 7 36 174 | 11 36 234 | 15 36 294 | 19 36 354 | 23 36 54 | 3 36 

55 | 3 40 115 | 7 40 175 | II 40 235 | 15 40 295 | 19 40 355 | 23 40 55 | 3 4° 

56 | 3 44 116 | 7 44 176 | 11 44 236 | 15 44 296 | 19 44 356 | 23 44 56 | 3 44 

57 | 3 48 117 | 7 48 177 | 11 48 237 | 15 48 297 | 19 48 357 | 23 48 57 | 3 48 

58 | 3 52 118 | 7 52 178 | 11 52 238 | 15 52 298 | 19 52 358 | 23 52 58 | 3 52 

59 | 3 56 11g | 7 56 179 | 11 56 239 | 15 56 299 | 19 56 359 | 23 56 59 3 56 


The above table is for converting expressions in arc to their equivalent in time; its main use in this Almanac is 
for the conversion of longitude for application to L.M.T. (added if west, subtracted if east) to give G.M.T., or vice versa, 
particularly in the case of sunrise, sunset, etc. 


Figure 9-7, Air Almanac Conversion of ARC to Time. 
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Hemisphere and added in the Eastern Hemisphere. The opposite 
is true converting from LMT to GMT, as indicated at the bottom 
of figure 9-5. 


SIDEREAL TIME 


Solar time is measured with reference to the true Sun or the 
mean Sun. Time may also be measured by the Earth’s rotation 
relative to some fixed point in space. Time so measured is 
sidereal or star time. The reference point used is the first point of 
Aries, which is considered as stationary in space, although it 
does have slight movement. 

The sidereal day begins when the first point of Aries transits 
the upper branch of the observer’s meridian. Local sidereal time 
(LST) is the number of hours that the first point of Aries has 
moved westward from the observer’s meridian. Expressed in 
degrees, it is equal to the LHA of Aries. This is shown in figure 
9-8. Local sidereal time at Greenwich is Greenwich sidereal 
time (GST), which is equivalent to the GHA of Aries. 

Greenwich sideral time, or GHA of Aries, specifies the posi- 
tion of the stars with relation to the Earth. Thus, a given star is in 
the same position relative to the Earth at the same sidereal time 
each day. 


NUMBER OF DAYS IN A YEAR 


A year is the period of the Earth’s revolution about the Sun. 
The number of days in the year is determined by the number of 
rotations of the Earth during one revolution. 

Actually, the Earth rotates eastward about 366.24 times in the 
course of its 1 yearly eastward revolution. The total effect of one 
revolution and 366.24 rotations is that the Sun appears to re- 
volve around the Earth 365.24 times per year. Therefore, there 
are 365.24 solar days per year. 

Since the sidereal day is measured with reference to a relative- 
ly fixed point, the length of the sidereal day is essentially the 
period of the Earth’s rotation. Therefore, the number of sidereal 
days in the year is equal to the number of rotations per year, 
which is 366.24. 





opserver 


5 GREENWICH 


Figure 9-8. Greenwich Sidereal Time. 
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Time, regardless of which type is considered, is measured 
with respect to either a celestial body or fictitious point in space. 
Time has a definite relationship to longitude, namely,-that 15° 
equals | hour. Since this relationship exists, celestial bodies can 
be positioned with reference to time. | 


NAVIGATOR’S USE OF TIME 


The navigator makes direct use of three different kinds of 
time. These are Greenwich mean time (GMT), local mean time 
(LMT), and zone time (ZT). All three are based upon the 
motions of the fictitious ‘‘mean Sun’’. The mean Sun is consi- 
dered to revolve about the Earth at the average rate of the 
‘‘apparent Sun,’’ making one complete revolution in 24 hours. 

The reckoning of time is based upon the motion of the Sun 
relative to a given meridian, the time being 2400-0000 at lower 
transit and 1200 at upper transit. In Greenwich mean time, the 
reference meridian is that of Greenwich; in local mean time, the 
reference meridian is that of a given place; in zone time, the 
reference meridian is the standard meridian of a given zone. 

The difference between two times is equal to the difference of 
longitude of their reference meridians, expressed in units of 
time. GMT differs from LMT by the longitude of the place; 
GMT differs from ZT by the longitude of the standard meridian 
of the zone; LMT differs from ZT by the difference of longitude 
between the standard meridian of the zone and the meridian of 
the place. In applying a time difference, a place which is east of 
another place has a later time than that place, and a place which 
is west of another place has an earlier time than that place. In 
interconverting ZT and GMT, the navigator makes use of zone 
description in applying these rules. The zone difference (ZD) of 
a zone is the time difference between its standard meridian and 
GMT, and it is given a sign to indicate the correction to ZT to 
obtain GMT. The sign is plus (+) for places in west longitude 
and minus (—) for places in east longitude. 


AIR ALMANAC 


Although the Air Almanac contains a variety of astronomical 
data needed in navigation, most of it is devoted to the tabulation 
of the GHA of Aries, and the GHA and Declination of the Sun, 
the three navigational planets most favorably located for 
observation, and the Moon. Enter the daily pages, which are 
arranged in calendar form, with Greenwich date and GMT to 
extract the GHA and Declination (Dec) of a celestial body. 


Finding GHA and Dec of the Sun 


The GHA of the Sun is listed for 10-minute intervals on each 
daily sheet. If the time of the observation is listed, read the GHA 
and Dec directly under the proper column opposite the time. 

For example, find the GHA and Dec of the Sun at GMT 0540 
on | Sep 81. Refer to figure 9-9. The GHA is 264° — 57’.4 and 
Dec is N 8°—26’.6. NOTE: For use with the astrotracker, the 
GHA and Dec are given to 0’.1’ with the decimal in smaller 
type. For general use, it suffices to ignore this decimal instead of 
rounding off in the normal way. A small additional error, never 
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|GREENWICH A. M. 1981 SEPTEMBER 1 (THURSDAY) 487 


GHA___Dec. |. GHAT GHA Dec. | GHA Dec. | GHA __Dec. = 
m © , ° , ° , o o 7 eo - o ¢ o 7 o 7 o 7 eo «iN 
00 00/| 179 56.3.N 8 317] 339 42.5] 196 50 N15 39] 222 18 N21 13] 340 53S 3 10|34811S 8 22 
10}| 182 26,4 316} 342 12,9) 199 20 224 4 0 
184 564 314 
187 264 - 313 


189 56.5 311 
192 26,5 310 


194 56.5N 8 30,8 
197 266° 30,7 
















































354 44,9) 211 50 N15 38 
357 153} 214 20 2 










199 56.6 30.5] 359 45,8) 216 49 
202 266 - 30.4, 2162) 21919. 
204 56,7 30.2; 4 466) 221 49 
207 26,7 30.1; 7 17.0) 224 19 





209 56.7 N 8 29,9 
212 26.8 29.8 


9 47.4 
12 17.8 





226 49 N15 37 1058 S$ 311 
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Figure 9-9. Daily Page from Air Almanac. 


Increment to be added for intervals of G.M.T. to G.H.A. of: 


SUN, ete. 


m 8 
00 00 
01 
05 
09 
13 
17 
21 
25 
29 
33 
37 
Al 
45 
49 
53 
00 57 
01 01 
05 
09 


0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0° 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
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INTERPOLATION OF G.H.A. 
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Sun, Aries (T) and planets; Moon. 


MOON 


m 8 m 8s 
00 00; 03 17 


SUN, etc. 


yO 50 
or 0 61 
26 0 62 
0 53 
33 
0 54 
37 
o7 0 56 
0 56 
45 
43 0 57 
0 58 
53 
0 59 
57 
57 1 00 
1 01 
05 
1 02 
09 
1 03 
13 
1 04 
17 
1 06 
21 
35 1 06 
1 07 
1 09 
37 
S71 10 
1 il 
45 
1 12 
49 1 33 
63 


1 14 
04 67 
05 01 } 15 


MOON 


m 8 
03 25 
03 29 
03 33 
03 37 
03 41 
03 45 
03 49 
03 54 
03 58 
04 02 
04 06 
04 10 
04 14 
04 19 
04 23 
04 27 
04 31 
04 35 
04 39 
04 43 
04 48 
04 52 
04 56 
05 00 
05 04 
05 08 


SUN, etc. 


™m 8 
06 37 
41 
45 
49 
53 
57 
01 
05 
09 
13 
17 
21 
25 
29 
33 
37 
41 
45 
49 
53 
57 
01 
05 
09 
13 
17 
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AFM 51-40 = 15 March 1983: 

This table is conveniently located both inside the front cover 
of the almanac and on the back of the star chart. 

On | September 1981 , the Sun is observed at 1012 GMT. What 
is the GHA and Declination? Turning to the A.M. page for ] 
September 1981 (figure 9-9), the GHA listed for 1010 is 
332° — 28’. The observation is for a time 2 minutes after the 
listed time. In the ‘‘Interpolation of GHA”’ table (figure 9-10), 
the correction listed for 2 minutes of time is 30’ of arc. By 
adding this correction to the listed GHA, the GHA of the Sun for 
the exact time of the observation is 332° — 58’. The Dec for the 
same time is N 8° — 23’. Thus, at the time of the observation, the 
subpoint of the Sun is at latitude 8°—23’ north, longitude 
(360° — 332° 58’) 027° —02’ east. 


Finding GHA and Declination of the Sun Without the 
Air Almanac 


It is possible to obtain an accurate Greenwich Hour Angle and 
Declination of the Sun without the use of the Air Almanac. The 
procedure and applicable tables are included in the HO 249, vol 
II and Ill. The following is an example with the tables included: 








aE ic 21 Problem: | Determine the GHA and Declination of the Sun 
o9 | 17 95 2) for 18 Jan 1981 GMT = 0330:35 
: ' i 8 Step One: Determine the Orbit Time (OT) 
a1 1 20 95 33 OT =GMT (nearest integral hour) 
0 31 1 21 
0 32 26 1 99 05 37 + Corr. (Table a) 
0 33 a ee ae OT = 18 Jan 0400 + 7 hr 
0 34 92 221 37 | 24 06 50 OT = 18 Jan 1100 
0 ag 02 27] 41 1 2g 05 64 Step Two: Enter table 4 to determine E and declinations 
87 02 31 45 +26 05 58 tep Iwo: nter table 4 to determine FE and dec 
0 3g 02 35 490 2D 55 06 02 (figure 9-11) 
0 39 3 ved eo 1 29 eg 8 E= 5 degrees + Equation of Time 
0 41 02 47 | 06 01 j 3? 06 15 Jan 18 OT E= 2-26 Dec=S20-40 
0 42 oo - re 1 32 . oe Step Three: Corrections to E and Dec are found in table b. 
; 7 03 00 13 Tay 27 These values are found by entering vertically with 
0 45 08 04 17-95 OS 3L the number of hours in the OT and horizontally 
03 08 21 06 35 ; i ’ 
0 46 03 19 25 1 36 06 39 with the difference between consecutive values 
0 47 93 16| 29 } 37 06 44 
of E and Dec 
0 48 93 20| 33 1 38 06 48 
0 49 09 98 37 1 39 o6 52 | 09 57 2 29 Jan 18th OT E= 2-26 Dec= S20-4 
0 50 1 40 2 30 
03 29 | 06 41 06 56 | 10 00 Corr = —02 — — 06 
Figure 9-10. Interpolation of GHA, Air Almanac. 2—24 S20-¥4 
Step four: Obtain the final value by adding the values of 


the diurnal arc from tables c and d to correct the 
GHA (figure 9-12). Note: This table is entered us- 
ing the original GMT, not the OT determined in 


exceeding 0’.5’ arises, if, as recommended, the decimal in 
smaller type is ignored rather than rounded off. This error can be 


avoided by rounding off the tabulated values. Therefore, in this step one 

example, the GHA is 264° — 57’ and the Dec is N 8°— 27’. To GHA = 002 — 24 

convert these values to the geographical coordinates of the Table c 227 —30 

subpoint for the time of the observation, latitude is 8°— 27’ Table d 0-09 

north. When GHA is greater than 180°, subtract it from 360° to 

get east longitude. Therefore, longitude in this example is GHA = 230—03 Dec = S20-40 


(360° — 264°57') 95°03’E. 

When an observation is made at a time not listed. make the 
main entry for the time immediately before that of the GMT 
required. Then, use the table marked ‘‘Interpolation of GHA”’ 
to determine the increment to be added to GHA (see figure 
9-10). 


Finding GHA and Dec of a Planet 


GHA and Dec of a planet can be obtained in almost the same 
way as GHA and Dec of the Sun. The declination of a planel 
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GHA and Declination of the Sun for the Years 1965—2000—Argument ‘‘Orbit Time’’—Continued 
c. Hours and Tens of minutes of GMT 





























h @ é 
00 175 00 
01 190 00 
02 205 00 
03 220 00 
04 235 00 
05 250 00 
06 265 00 
07 280 00 
08 295 00 305 00 
i) 310 00 320 00 
10 $25 00 335 00 
"1 340 00 350 00 
12 355 00 357 30 0 00 5 00 
13 10 00 12 30 15 00 20 00 
14 25 00 27 30 30 00 35 00 
15 40 00 42 30 45 00 50 00 
16 $5 00 57 30 60 00 65 00 
17 70 00 72 30 75 00 80 00 
16 85 00 87 30 90 00 95 00 
19 100 00 102 30 105 00 110 00 
20 118 00 30 120 00 125 00 
21 190 00 135 00 140 00 
22 145 00 150 00 158 00 
23 160 00 165 00 170 00 


igure 9-12. HO249 Extraction to Compute GHA and DEC. 


hanges slowly; therefore, it is recorded only at hourly intervals. 
he Dec listed for the hour is used for the entire hour. 

For 1 September 1981, find the GHA and Dec of Jupiter at 
109 GMT. Enter the correct daily page (see figure 9-9) for the 
me of 1100 GMT. The GHA and Dec for 1100 GMT is 27° — 39’ 
JHA and N21°— 12’Dec. Enter the Interpolation of GHA table 
nder Sun, etc, (figure 9-10) and obtain the adjustment to be 
dded for 9 minutes. For a 9-minute interval of GMT, the 
\crement to be added is 2°— 15’. Therefore, GHA is 29° — 54’. 
he subpoint of Jupiter at the time of the observation is at 
titude 21°— 12'N, longitude 29° — 54’ W. 


inding GHA and Dec of Moon 


The Moon moves across the sky at a different rate than the 
un and planets; consequently, its GHA and Dec Is given at 
)-minute intervals. In the interpolation tables for the GHA, 
>parate values on the right are used for the Moon. 

The tables are arranged as critical tables, and the increment is 
und opposite the interval (in the left-hand column for the Sun, 
ies, and planets; in the right-hand column for the Moon) in 
hich the difference of GMT occurs. If the difference (for 
xample, 0631° for the Moon) is an exact tabular value, the 
pper of the two possible increments (that is, 1°34’) should be 
iken. This rule applies generally to all critical tables. 

On | September 1981, the Moon is observed at 1136 GMT. 
he following information is extracted from the Air Almanac 
iee figures 9-9 and 9-10): 





GHA of Moon at 1130 GMT 156°02’ 
GHA Correction for 6 minutes 1°27’ 
GHA 157°29’ 
Declination S5°52’ 


Thus, at the time of the observation, the subpoint of the Moon 
at latitude 5°— 52’ S, longitude 157°— 29’ W. 





d. Minutes and Seconds of GMT 
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Finding GHA and Dec of a Star 


Since the declination of each star is constant throughout the 
period of the almanac, it need be shown only once. The Sun, 
Moon, and planets move across the sky at varying rates and, asa 
result, their GHA changes irregularly. However, the stars and 
the first point of Aries remain fixed in their same relative 
positions in space, so that the GHAs of all stars and Aries change 
at the same rate. Consequently, it is unnecessary for the almanac 
to list the GHA of each navigational star throughout the day. 
Instead, the almanac lists the GHA of Aries at 10-minute inter- 
vals and gives the SHA of the star only once. The GHA of a star 
for any time can be found by adding the GHA of Aries for that 
time and the SHA of the star. 

The table, ‘‘STARS,”’ is found inside the front cover of the 
almanac and on the back of the star chart. This table lists 
navigational stars and the following information for each star: 
the number corresponding to the sky diagram in the back, the 
name, the magnitude or relative brightness, the SHA, the de- 
clination, whether used in HO 249, and stars that can be used 
with declination tables. Note: When a higher degree of accuracy 
is required, the SHA and declination of the stars is listed to 
tenths of degree in the white pages of the Air Almanac. 

On 2 September 1981, Altair is observed at 01°24™GMT. 
What is its GHA and declination? Look at the extracts from th 
tables in figures 9-13 and 9-14 to see where the values wert 
obtained. 





GHA ¥ 01°20" GMT 360° — 45’ 
GHA yy correction for 4™ 1°—00' 
GHA y 01°24™ 001°— 45' 
SHA Altair 62° — 43’ 
GHA Altair 01524™ 064° — 28’ 
Declination Altair g°— 47'N 
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Figure 9-13. GHA of Aries Obtained from Air Almanac. 


180 011N 
182 31,1 





ARIES 
GHA T 


8 10,0} 340 416 
. 199 06 






VENUS — 3.3 
GHA iDec. 


JUPITER — 1.5 
GHA siCDec. 














201 36 
204 06- 
206 36 
209 06 


211 36N15 16 
4.5] 214 05 


Thus, at the time of the observation, the subpoint of Altair is at 
latitude 8°-47'N, longitude 064° — 28’ W. 


STARS, SEPT.-DEC 1981 
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3° 
45° 
18* 
33° 
23° 
49° 
39 





Achernay 
Acrux 
Adhara 
Aldebaran 


Alioth 
Alkaid 
Al Nair 
Alnilam 
Alphard 
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Alphecca 
Al aie 


a7. 
Shaula 

Strius i 
Spica : 
Suhail 

Vega 


2°5 
1-7 
—1:6 
I-2 
2:2 


O-l 
2:9 





[Aliair —¥ [0-0] C243 |N 8.4) 


2°4 | 353 50 
I-2] 113 10 


350 21 |N.56 21 

97 10] 9.37 05 
259 05|S.16 40 
159 09] 5.10 59 
223 19|S.43 15 

81 03 [N.38 45 
137 45|5-15 54 


Figure 9. 
14. SHA Obtained from Table. 
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INTERPOLATION OF G.H.A. 


Increment to be added for intervals of G.M.T. to G.H.A. of: 


SUN, etc. 


0O 00 
OI 
05 
09 
13 
17 
21 
25 
29 
33 
37 
41 


05 
09 
13 
17 
03 21 


oe o 


© 00 
O OI 
O 02 
0 03 
O 04 
0 05 
o 06 
0 07 
o 08 
oO 09 
0 10 
OI!l 


UD 4U 
© 47 
o 48 
© 49 
0 50 


Sun, Aries () and planets ; 


MOON 


00 00 
00 02 
00 06 
00 10 
00 14 
oo 18 
00 22 
00 26 
00 3I 
00 35 
00 39 


00 43 
00 ¢ 


03 12 
03 16 
03 20 
03 25 
03 29 


SUN, ete. MOON 


fh 8 mn 8 
0317 3% 03 25 
21 03 29 
25 >" 0333 
29 ° >” 03 37 

0 53 
33 53, 03 4! 
37 Gon 0345 
at 52g 03:49 
45 03 54 
49 >? 03 58 

0 58 
53 04 02 
03 57 


0 59 
04 06 
(04)o1 {1 09) 
ye LO 


04 10 
14 


06 39 
06 44 
1 38 06 48 
T 39 06 52 
T 4° 06 56 


25 
29 
33 


37 
06 41 


I 37 


Moon 


SUN, etc. 


49 
53 


09 57 
10 00 


{ Stars that may be used witb Vols. 2 and 3, 


| * Stars used in H.O. 249 (A.P. 3270) Vol. 1. 


I 45 
I 46 
I 47 
1 48 
149 
I 50 
I 51 


2 27 
2 28 
2 29 
2 30 


MOON 

06 52 
06 56 
07 00 
07 04 
07 08 
07 13 
07 17 
07 21 
07 25 
07 29 
07 33 
07° 37 
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Determining the GHA of Aries Without an Air Almanac Step two: GHA for 23 Dec 80 at 0700 from table b 


= 126-58 
* Using tables in figures 9-15, it is possible to determine the Step three: GHA for 25 min and 07 sec from table c 
GHA of Aries without having an Air Almanac available. The = 006-18 
following is an example determining the GHA of Aries for 23 Step four: GHA of Aries equals the sum of steps 1, 2, and 3. 
December 1980 at 0725:07 = 070-00 
126-58 
Step one: GHA for | Dec 80 from table a 006 — 18 
eee 303 — 16 


TABLE 4—G.H.A. T FOR THE YEARS 1977-1985 
a. G.H.A.Y AT 00% ON THE FIRST DAY OF EACH MONTH 


Feb. 1 | Mar. 1 | April 1 | May 1 July 1 | Aug. 1 | Sept. 1} Oct. 1 


as 4 


a a 





10 35 | 1134] 1233] 1333] 1432 


58 | 1432 1433 1434 1435] 1436 1437 1438 1439] 58 | 1440 1441 1442 1443] 1444 1445 1446 1447 
59 |1447 1448 1449 1450| 1451 1452 1453 1454] 59 | 1455 1456 1457 1458] 1459 I5 00 15 01 15 02 





Figure 9-15. Extraction HO249 Vol I, Epoch 1980. 
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Chapter 10 


CELESTIAL CONCEPTS 


Celestial navigatiom is a universal aid to dead reckoning. 
Because it is available mnost of the time and in all areas of the 
globe, it often becomes the only means to position the aircraft. 
Independent of ground aids, celestial navigation cannot be jam- 
med nor does it give Off any signals. 

Each celestial obServation yields one line of position. In the 
daytime, when the Sun may be the only visible celestial body, it 
may become necessary to use single LOPs as course lines or 
speed lines. At night, when numerous bodies are visible, LOPs 
obtained from the Observation of two or more bodies may be 
crossed to determine a fix. 

It is impossible to state, in so many miles, the accuracy 
expected from a celestial fix. Celestial accuracy depends on the 
-navigator’s skill, the type and accuracy of the equipment, and 

the prevailing weather conditions. With the ever-increasing 
- speeds and ranges of aircraft, celestial navigation has become 
. more demanding of the Navigator’s ability. It is important that 
| the fix be plotted and used as quickly as possible. 

The navigator does not have to be an astronomer or mathe- 

matician to establish a celestial line of position. The ability to 
use a sextant IS a matter of practice, and specially designed 
celestial tables have reduced the necessary computations to 
simple arithmetic. 

A detailed understanding of navigational astronomy is not 
essential toestablish an accurate celestial position because many 
simplifications have eliminated the need for the navigator to 
know the relationship of the Earth to the other heavenly bodies. 
However, celestial Work and celestial lines of position will have 
more meaning if the navigator understands a few basics of 
celestial astronomy. Celestial astronomy includes the naviga- 
tional bodies in the universe and their relative motions. 

Although there are an infinite number of heavenly bodies in 
the universe, celestial Navigation utilizes only 63 of them: 57 
warp Wane Moon, and the Sun. Venus, Jupiter, Mars, 

€ four planets that are used in navigation. 


CELESTIAL CONCEPTS 


iene Use of celestial navigation, certain assump- 
gator to obtain Stablished. These assumptions enable the navi- 
knowledge of ¢ bree lines of position without a detailed 
celestial concept estial astronomy. A working knowledge of 
computations, C will enable the navigator to cross-check all 
extractions een positioning will be more than a series of 
The initia) a Various books. ee 

is a perfect sph. Umption of celestial navigation is that the Earth 

re. That is, every point on the Earth’s surface is 


equidistant from the center, forming the terrestrial sphere. The 
terrestrial sphere is assumed to be the center of the universe. All 
other bodies, with the exception of the Moon, are considered to 
be at an infinite distance from the terrestrial sphere. They are 
located on the inside surface of a concentric sphere, the celestial 
sphere. Because the stars, planets, and the Sun are considered to 
be located at an infinite distance from the Earth’s center, it is 
assumed that any point on the Earth’s surface approximates the 
center of the universe. 

The celestial concept of the universe is similar to the theory 
proposed by Ptolemy in 127 AD. That is, the Earth is the center 
of the universe, and all bodies rotate about the Earth from east to 
west. In the relatively short periods of time involved with 
celestial positioning, it can be assumed that all bodies located on 
the inside surface of the celestial sphere rotate at the same rate. 
In actuality, over periods of months or years, the planets move 
amongst the stars at varying rates. 

Establishing an artificial celestial sphere with an infinite 
radius simplifies computations for three reasons. First, since the 


OBSERVER’S 
POSITION 
PROJECTED 
ONTO 
CELESTIAL 
SPHERE 

( ZENITH) 


NORTH 
CELESTIAL POLE 





Figure 10-1. Points on Celestial Sphere Have Same 


Relationship as Their Subpoints on Earth. 
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terrestrial and celestial spheres are geometrically similar, every 
point on the celestial sphere has a corresponding point on the 
terrestrial sphere, and conversely, every point on the terrestrial 
sphere corresponds to a point on the celestial sphere. By estab- 
lishing concentric spheres, angular relationships also remain 
constant. 

Secondly, establishing an infinite radius leads to the assump- 
tion that a body’s location on the celestial sphere will remain 
constant regardless of the observer’s location. An infinite radius 
also means that all light rays from the celestial body arrive in 
parallel rays. This means that the angle will be the same whether 
viewed at the Earth’s center, upon the surface, or at 35,000 feet 
in an aircraft. 

Thirdly, all the relationships are valid for all bodies located on 
the celestial sphere. The Moon, with its close proximity to the 
Earth, must be treated as a special case; with certain corrections 


AFM 51-40 ~—_ 15 March 1983 


the moon still provides an accurate LOP. This will be addressed 
in chapter 12. 

Because the celestial sphere and terrestrial sphere are concen- 
tric, every point on the terrestrial sphere has a corresponding 
point on the celestial sphere. Each sphere contains an equator, 
two poles, meridians, and parallels of latitude/declination. The 
relationships can be seen in figures 10-1 and 10-2. 

Consistent with the celestial assumptions, neither the Earth 
nor the celestial meridians rotate. All celestial bodies located on 
the inside surface of the celestial sphere, with the exception of 
the Moon, rotate at a constant rate of 15 degrees per hour past the 
celestial meridians. The Moon moves at approximately 14.5 
degrees per hour. 

Two other relationships should be established. The observer 
on Earth has a point directly overhead, on the celestial sphere, 
called the zenith. A celestial body has a corresponding point on 





Figure 10-2. Elements of the Celestial Sphere. 


sane Google 
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the terrestrial sphere directly below it which is referred to as the 
subpoint or geographic position. At the subpoint, the light rays 
from the body are perpendicular to the Earth’s surface, and the 
body is located directly overhead. 


MOTIONS OF CELESTIAL BODIES 


All of the bodies in the universe have two types of motion, 
ibsolute and apparent. Absolute motion is measured relative to a 
fixed point. Because all bodies in the universe are in motion, it 
has been impossible to establish a definable point from which to 
reference absolute motion. Apparent motion is of more concern 
lo the navigator. This is the motion of one celestial body as 
perceived by an observer on another body, which is also in 
motion. Since all apparent motion is relative, it is essential to 
tablish the reference point for that motion. For example, the 
ipparent motion of Venus would be different if observed from 
he Earth, or from the Sun. 


ipparent Motion 


The apparent motion of the celestial bodies as observed from 
arth is a result of the combination of the Earth’s rotation and 
Wolution. Rotation is the spinning of the Earth upon its axis 
nd has the greatest effect on the apparent motion of bodies. It 
luses celestial bodies to appear to rise in the east, climb to a 
laximum height, then set in the west. All bodies appear to 
ove along a daily circle or diurnal circle, which is approx- 
lately parallel to the plane of the equator. 
The apparent effect of rotation varies with the latitude of the 
bserver. At the equator, the bodies appear to rise and set 
erpendicular to the horizon. Each body is above the horizon for 
proximately 12 hours each day. At the North and South Poles, 
different phenomenom occurs. The same group of stars is 
ontinually above the horizon; they neither rise nor set, but 
love on a plane parallel to the equator. This characteristic 
Xplains the periods of extended daylight, twilight, and dark- 
ss at higher latitudes. The remainder of the Earth is a com- 
ination of these two extremes; that is, some bodies will rise and 
t, while others will continually remain above the horizon. 
The greater the northerly declination of a body, the higher it 
. in the heavens to an observer at the North Pole. Polaris 
4S a declination of almost 90 degrees and, therefore, will 
ev eaead: Any body with a southern declination is not 
¢ from the North Pole. 
ig rig body appears to revolve about the pole and 
me be Lg angul ar distance of the body from the elevated 
ae oe the observer's latitude, the body is Circumpolar. 
. re on declination of Dubhe is 62 degrees north. 
ble. of ah a ocated at an angle of 90° — 62° from the North 
orth will aca. SO, an observer located above 28 degrees 
SES the Nan an as circumpolar. Although figure 10-3 
Tom the South the same characteristics can be observed 
If ij se fe 
of te Eanrossible to stop the rotation of the Earth, the effect 
bodies ea revolution on the apparent motion of celestial 
more noticeable. The Sun would appear to 
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Figure 10-3. Some Bodies are Circumpolar. 


make one complete circle around the Earth each year. It woul 
cover a 360 degree full circle in 365 days, or move eastward 4 
slightly less than 1 degree per day. The stars move at the sam 
rate, and this accounts for why different constellations ar 
visible at different times of the year. Each evening the same sta 
appears to rise four minutes earlier. 

After half a year, when the Earth has reached the opposit 
extreme of its orbit, its dark side is turned in the opposit 
direction in space and is facing a new field of stars. Hence, a 
observer at the equator will see an entirely different sky < 
midnight in June than the one which appeared at midnight 1 
December. In fact, the stars seen at midnight in June are thos 
which were above the horizon at midday in December, but wer 
not visible because of the sun. 


Seasons 


The annual variation of the Sun’s declination and the cons« 
quent change of the seasons are caused by the revolution of tk 
Earth (figure 10-4). If the equinoctial coincided with the ecliy 
tic, the Sun would always be overhead at the equator, and 1 
declination would always be zero. However, the Earth’s axis 
inclined to the plane of the Earth’s orbit at an angle of about 6 
1/2°; and the plane of the equator is inclined to it at an angle « 
about 23 1/2°. Throughout the year, the axis points in the sarr 
direction. That is, the axis of the Earth in one part of the orbit 
essentially parallel to the axis of the Earth in any other part of tk 
orbit (figure 10-5). 

In June, the North Pole is inclined toward the Sun and tk 
South Pole away from the Sun, so that the Sun is at a maximul 
distance from the plane of the equator. About June 22, at th 
solstice, the Sun has its greatest northern declination. At th 


Winter 
Solstice 


j 
Vernal 
Equinox 


Figure 10-4. Seasonal Changes of Earth’s Position. 


time in the Northern Hemisphere, the days are longest of any 
time during the year and the nights are shortest, while in the 
Southern Hemisphere, the nights are longest and the days shor- 
test. This is the beginning of summer for the Northern Hemis- 
phere and of winter for the Southern Hemisphere. A half year 
later, the axis Is still pointing in the same direction in space; but, 
since the Earth is at the opposite extremity of its orbit and hence 
on the opposite side of the Sun, the North Pole is inclined away 
from the Sun while the South Pole is toward it. At the winter 
solstice, about December 21, the Sun has its greatest southern 
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Autumnal 


I 
Summer 


Yel iaker =) 


declination. Then, in the Northern Hemisphere, days are shor- 
test and nights longest, and winter is beginning to set In. — 

Halfway between the two solstices, the axis of the Earths 
inclined neither toward nor away from the sun, and the Sunison 
the plane of the equator. 


CELESTIAL COORDINATES 


Celestial bodies and the observer's zenith may be positioned 
on the celestial sphere using a coordinate system similar to that 
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: Setélsines of latitude on Earth are projected onto the 
‘as parallels of declination. Lines of longtitude 
Celestial meridians. A line extended from the 
maith, through the center of the Earth, will intersect 
Mesphere at the observer's nadir. 
Meesicridians are divided into two parts; the upper and 
Banch. The upper branch is the half of the celestial 
| Raided at the poles containing the observer's zenith. 
a ranch is the part remaining, and contains the nadir. 
mire, the observer’s celestial meridian is a great circle 
ping the zenith, the nadir, and the celestial poles (figure 
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10-2). 


As 
; “cond great circ le on the celestial sphere is the hour circle. 


Nhour circle isa 


great circle containing the celestial body and 
© celestial poles 


stationary, h S. Unlike celestial meridians which remain 
hour. Hour ee cles rotate at a standard rate of 15 degrees per 
Upper bann = also contain upper and lower branches. The 
Doles. The re contains the body and is the half divided at the 
"Xception to eee half is the lower branch. Again. the only 
e locatic © Standard rate is the Moon (figure 10-2). 
escribeg rein of any body on the celestial sphere can be 
Ive to the celestial equator and the Greenwich 


Celestial meria: 
(GHA), eridian Using declination and Greenwich Hour Angle 


Declination: 
'on: The declination of acelestial body is the angular 





ca 


distance the body is north or south of the cele 
tial equator measured along the hour circle. 
ranges from 0 to 90 degrees and corresponds 
latitude. 


Greenwich Hour Angle: The angular distance measur 
westward from the Greenwi 
celestial meridian to the upp 
branch of the hour circle. It has 
range of 0-360 degrees. 


The Air Almanac lists the Greenwich Hour Angle and t 
declination of the Sun, Moon, four planets, and Aries. T 
latitude of the subpoint of the body is derived from the declir 
tion. Longitude is derived from the GHA. Although GF 
correlates to longitude, it is not exact. GHA ts always measur 
westward from Greenwich celestial meridian, and longitude 
measured in the shortest direction from the Greenwich meridi 
to the observer's meridian. 

The following are examples of converting the celestial co 
dinates of a body to the corresponding terrestrial coordinates 
its subpoint. If the GHA is less than 180 degrees, then 
subpoint is in the Western Hemisphere and GHA = Lo 
When the GHA is greater than 180 degrees, the subpoint of 
body is located in the Eastern Hemisphere and Long = 360 
GHA. Again, declination and latitude equate (figure 10-6) 


10-6 
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Figure 10-6. Declination of a Body Corresponds to a 
Parallel of Latitude. 


GHA = 135°-—00’ Subpoint location: 135 —OOW 
Dec = S13-15 LS 155 
GHA = 290°—00’ Subpoint location 070—O0E 
Dec = N11 —32 p= 3ZN 


In addition to Greenwich Hour Angle (figure 10-7), there are 
two special hour angles used in celestial navigation. The first is 
Local Hour Angle or LHA. LHA is the angular displacement 
measured from the observer’s celestial meridian clockwise to 
the hour circle of the body. LHA is computed by applying the 
local longitude to the GHA of the body (figure 10-8). In the 
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Figure 10-7. Greenwich Hour Angle. 
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Figure 10-8. LHA = GHA — West Longitude. — 


Western Hemisphere, LHA = GHA — W Long, and in the 
Eastern Hemisphere, LHA = GHA + E Long (figure 10-9). 
When the LHA = 0, it means that the hour circle of the body is 
collocated with the upper branch of the celestial meridian of the 
observer, and the body is in transit. An LHA = 180 puts the 
hour circle coincident with the lower branch of the celestia 
meridian of the observer. ; 
The second special hour angle is the sidereal hour angle 
(SHA). SHA is used in conjunction with the first point of Aries. 


OBSERVER 
EAST 
LONGITUDE 





Figure 10-9. LHA = GHA + East Longitude. 
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Figure 10-10. Sidereal Hour Angle. 


The first point of Aries, more commonly referred to as Aries, is 
also the vernal equinox or first day of spring. Aries 1s established 
at the point where the Sun appears to cross the celestial equator 
from south to north. Though not absolutely stationary relative to 
the stars, the first point of Aries changes so slowly that it may be 
thought of as a fixed point on the celestial equator for a period as 
long _ a year. The SHA is the angular measurement from the 
hour circle of Aries to the hour circle of the star in question 
(figure 10-10). Since both Aries and the stars are located on the 
celestial sphere, they move at the same rate and the SHA 
ach aise figure for that year. SHA Is normally used to 
o er an HO 249 vol or II solution with a star. The SHA 
ie of any navigational star are listed in the Air 
and the HO 249 vol I. 


THE CELESTIAL LOP 


ern celestial concepts and assumptions are explained to 
kichiee the derivation of the celestial LOP. In a simplified 
at the bod us the Celestial LOP Isa circle plotted with the center 
observer eral and a radius equal to the distance from the 
and the in Subpoint. To accurately compute this distance 
initially each to the subpoint of the body, the navigator must 
angular dis a the subpoint of the body. and then measure the 
declinationane of the body above the horizon. GHA and 
to compute rn Used to position the body. and the sextant 1s used 
2 Quick exp angular displacement above the horizon. This is 
Celestial LOp ea of the concepts involved in obtaining a 
this LOp Wi "A basic knowledge of the precepts used to derive 


enable the navigator to appreciate celestial naviga- 
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Figure 10-11. Celestial Horizon is 90° from Observer 
Zenith and Nadir. 


tion and will aid in detecting errors. The next section wil 
explain how the angular displacement is measured. 


CELESTIAL HORIZON 


Now that the celestial body and the observer's zenith ar 
positioned on the celestial sphere, a sextant is used to measur 
the angular displacement of the body above the horizon. Th 
celestial horizon is a plane passing through the Earth's cente 
and is perpendicular to the zenith-nadir axis. At the Earth 
surface, the visual horizon approximates this plane. Figur 
10-11 depicts the zenith-nadir axis and the celestial horizon. Th 
angular displacement as viewed through a sextant is the heigl 
observed, or Ho. Ho is measured along the vertical circle abov 
the horizon. The vertical circle is a great circle containing tk 





Figure 10-12. Parallel Lines Make Equal Angles with 
Parallel Planese~> 
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Figure 10-13. Parallax. 


zenith, nadir, and celestial body, and its center is the center of 
the Earth. The altitude of a body is the same whether it is 
measured at the surface of the Earth from the artificial horizon or 
at the center of the Earth from the celestial horizon. Since these 
horizons are parallel, if the light rays from the body are parallel, 
the altitudes will be the same. Figure 10-12 shows that the angle 
for light rays arriving at different points on the Earth in reality is 
very small. 

This angle between light rays is called parallax. In figure 
10-13, parallax is shown at its maximum value; that is, when the 
observer and the subpoint are separated by 90°. In this situation, 
tangent (tan) p is equal to OC (radius of the Earth) over the 
distance C*. The radius of the Earth is a very small distance 
compared to the distance to any of the stars. Thus, the angle p is 
very small. For the Sun, one of the closest celestial bodies used 
in navigation, tan p equals 3,940 divided by 93,000,000 or 


Fe ie ant a at Ss Penola 


wre on nage - 
ARTIFICIAL HORIZON. 





Figure 10-14. The Two Planes re Parallel. 
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0.000042. The angle p then equals approximately 9” of arc or 
0.15 nautical mile. The angle is so small that it is negligible. 
Therefore, for practical work, the observed altitudes from either 
the aritificial or celestial horizon are the same. ! 

The horizon most used by the navigator is the bubble 
artificial horizon. As in a carpenter’s level, a bubble indicates 
the apparent vertical and horizontal. By means of the bubble, the 
navigator can level the sextant and establish a reference plane 
parallel to the plane of the celestial horizon. This plane is the 
artificial horizon. The artificial horizon is established by the 
bubble in the sextant. Notice in figure 10-14 that the plane of the 
bubble horizon and the plane of the celestial horizon are parallel 
and are separated by the radius of the Earth. In comparison with 
the vast distances to the celestial bodies, the radius of the Earth 
is immeasurably small. Therefore, if two parallel circles on the 
Earth are separated by a linear distance equal to the radius of the 
Earth, these two circles must appear to coincide. Thus, the 
artificial horizon and the celestial horizon appear to coincide and 
can be considered identical. 





Observed Altitude 


There is a definite relationship between the Ho of a body and 
the distance of the observer from the subpoint (figure 10-15). 
When the body is directly overhead, the Ho is 90°, and the 
subpoint and the observer’s position are identical. When the Ho 
is 0°, the body is on the horizon and the subpoint is 90° (5,400 
NM) from the observer’s position. This relationship is shown in 
figure 10-16, where C is the center of the Earth, AB is the 
observer’s horizon, and S is the subpoint of the body. Since the 
sum of the angles in a triangle must equal 180°, the angle OX is 
equal to 180° — (Ho + p). The sum of the angles on a straight 
line is equal to 180°, so angle OXC is equal to Ho + p. The 
horizon AB being tangent to the Earth at 0 is perpendicular to 
OC, a radius of the Earth. Thus, angle OCX is equal to 90° (Ho 
+ p). In the preceding discussion, it was shown that angle p Is 
negligible, so this angle becomes 90° — Ho. The arc on the 
surface subtended by the angle OCX at the center of the Earth is 
arc OS. This arc then is equal to 90° — Ho. 

The distance from the subpoint of the body to the observer is 
the zenith distance and is computed-with the aid of the astrono- 
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Figure 10-15. Measure Altitude from Celestial Horizon 
Along Vertical Circle. 
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CO-ALTITUDE AND 
ZENITH DISTANCE 
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————_ 
ZENITH DISTANCE = (90° - Ho) x 60NM 
= (CO-ALT) x 60NM NBA 15-26 


Figure 10-17. Co-Altitude and Zenith Distance. 


mical triangle described in chapter 13. Basically, the zenit 
distance is equal to 90 degrees minus the Ho and is referred to z 
the co-altitude (figure 10-17). The degrees are then converted t 
nautical miles by multiplying the number of degrees by 60 an 
adding in the odd minutes of arc. Example: 

Ho = 37-26 


therefore, Co-altitude = 90 — 37:26 
= §2-—34 
Zenith Distance = (52 X 60) + 34 
= 3,154 NM 


Zenith distance is the radius of the circle which becomes th 
celestial LOP. This circle is called the circle of equal altitud 
(figure 10-18), as anyone located on it and viewing the celesti 
body at a common time will view an identical Ho. This proce 
dure determines the distance from the observer to the subpoin 
The next consideration must be the direction from the observe 
to the body’s subpoint. 





Figure ] — 
0-16, Finding Observed Altitude. 


10-10 


ALT = 40° 
CO-ALT = 90° - 40° = 50° 
ZENITH 
DISTANCE = 50 x 60NM 
= 3000NM 


“3000NM— 
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Figure 10-18. Construction a Circle of Equal Altitude. 


True Azimuth 


In celestial navigation, the direction of a body from an obser- 
ver is called true azimuth (Zn). The true azimuth of a celestial 
body corresponds exactly to the true bearing of an object located 
at the subpoint. The true azimuth of a celestial body is the angle 
measured at the observer’s position from true north clockwise 
through 360° to the great circle arc joining the observer’s posi- 
tion with subpoint, as illustrated in figure 10-19. 

If the true azimuth of a body could be measured when its 
altitude is observed, a fix could be established. Unfortunately, 
however, there is no instrument in the aircraft which will mea- 
sure true azimuth to the required accuracy. If a body is observed 
at an Ho of 40° and the Zn is measured incorrectly by 1°, the fix 
will be in error about 50 nautical miles. With the instruments 
now in use, an accurate fix cannot be established by measuring 
the altitude and azimuth of a single body, except in the case of a 
very high body (85° to 90°). 
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Figure 10-19. Relationship of Z,, to an Observer. 


CELESTIAL FIX 


Since a fix cannot normally be obtained from a single body, | 
LOPs from two or more bodies must be crossed. The fix position 
is the intersection of the LOPs. A celestial LOP is a circle: 
however, as shown in figure 10-20, when two celestial LOPs are | 
plotted, they intersect at two points, only one of which can be | 
the observer’s position. In practice, these two intersections | 
usually are so far apart that dead reckoning removes all doubt as 
to which is the correct position. 

The table in figure 10-21 summarizes the relationship among 
the terrestrial, celestial, and horizon reference systems. 
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Figure 10-20. Celestial Fix with Two Bodies. 
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Figure 10-21. Correlation of the Three Reference Systems. 
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Chapter 11 


COMPUTING ALTITUDE AND TRUE AZIMUTH 


This chapter deals with the procedures and some of the tables 
used to compute a celestial line of position. Tables containing 
he required data for resolving the LOP were mentioned several 
imes previously , including the Air Almanac, which has already 
been discussed. 

Preceding the mechanics of using the tables, there is a brief 
explanation of the astronomical triangle upon which the tables 
are based. This includes a review of the determination of the 
THA of Aries and the LHA of a star. 


DERIVATION OF LHA AND THE ASTRONOMICAL 
TRIANGLE 


The basic principle of celestial navigation is to consider 
yourself to be at a certain assumed position at a given time; then, 
by means of the sextant, determine how much your basic 
assumption is in error. At any given time, an observer has a 
ertain relationship to a particular star. The observer is a certain 
tumber of nautical miles away from the subpoint, and the body 
s at a certain true bearing called azimuth or Zn, measured from 
he observer’s position (figure 11-1). 


ntercept 


If the observer assumes to be at a given point (called the 
ssumed position) at a given time, there exists at that instant a 
pecific relationship between this assumed position and the 
ubpoint. The various navigational tables provide you with this 
elationship by solving the astronomical triangle for you. From 
he navigational tables, you can determine how far away your 
ssumed position is from the subpoint and the true bearing (true 
zimuth or Zn) of the subpoint from the assumed position. This 
neans, in effect, that the tables give you a value called com- 
uted altitude (Hc) which would be the correct observed altitude 
Ho) if you were anywhere on the circle of equal altitude through 
he assumed position. Any difference between the computed 
ititude (Hc) determined for the assumed position and the 
ybserved altitude (Ho) as determined by the sextant for the 
actual position is called intercept. Intercept is the number of 
nautical miles between your actual circle of equal altitude and 
the circle of equal altitude through the assumed position. It is by 


means of the astronomical triangle that you can solve for Hc anc 
Zn in the HO 249 tables. 


Construction of the Astronomical Triangle 


Consider the solution of a star as it appears on the celestia 
sphere. Start with the Greenwich meridian and the equator 
Projected on the celestial sphere, these become the celestia 
meridian and the celestial equator (called equinoctial) as showr 
in figure 11-2. Notice also in the same illustration how othe: 


~-------------- ph 





Figure 11-1. Subpoint of a/Star. 


11-2 


known information is derived, namely the LHA of the star 
Aries—equal to the GHA of Aries minus longitude west. You 
can also see that if the LHA of Aries and SHA of the star are 
known, the LHA of the star is their sum. It should also be 
evident and the GHA of Aries plus SHA of the star equals GHA 
of the star. Also, the GHA of the body minus longitude west (or 
+ longitude east) of the observer’s zenith equals LHA of the 
body. These are important relationships that are used in the 
derivation of the Hc and Zn. 

Figure 11-3 shows part of the celestial sphere and the astrono- 
mical triangle. Notice that the known information of the astro- 
nomical triangle is the two sides and the included angle; that is, 
Co-Dec, Co-Lat, and LHA of the star. Co-Dec, or polar dis- 
tance, is the angular distance measured along the hour circle of 
the body from the elevated pole to the body. The side, Co-Lat, is 
90° minus the latitude of the assumed position. The included 
angle in this example is the LHA * . With two sides and the 
included angle of the spherical triangle known, the third side and 
the interior angle at the observer are easily solved. The third side 
is the zenith distance, and the interior angle at the observer is the 
azimuth angle ( ZZ). Instead of listing the zenith distance, the 
astronomical tables list the remaining portion of the 90° from the 
zenith, or the Hc. Hc equals 90° minus zenith distance of the 
assumed position, just as zenith distance of the assumed position 
equals 90° — Hc. Note, that when measured with reference to 
the celestial horizon, zenith distance is synonymous with co- 
altitude. Figure 1-4 is a side view of this solution. 

So far, the astronomical triangle has been defined only on the 
celestial sphere. Refer again to figure 11-3 and notice the same 
triangle on the terrestrial sphere (Earth). The same triangle with 
its corresponding vertices may be defined on the Earth as fol- 
lows: (1) celestial pole — terrestrial pole; (2) zenith of assumed 
position — assumed position; and (3) star — subpoint of the 
star. The three interior angles of this triangle are exactly equal to 
the angles on the celestial sphere. The angular distance of each 
of the three sides is exactly equal to the corresponding side on 
the astronomical triangle. Celestial and terrestrial terms are used 
interchangeably. For example, refer to figure 11-3 and notice 
that Co-Lat on the terrestrial triangle is also called Co-Lat on the 
celestial triangle. To be perfectly correct, the term on the celes- 
tial sphere corresponding to latitude on the Earth is declination; 
therefore, the celestial side could well be called, *‘co- 
declination of the zenith of the assumed position.”’ 

Rather than have this confusion, the terrestrial term ‘*‘Co- 
Lat’’ is also used with reference to the celestial sphere, just as 
latitude of the subpoint is considered to be the declination 
amount from the equator. Latitude is used when referring to the 
observer or zenith, and declination is used when referring to the 
star or its subpoint. The distance between the subpoint and the 
assumed position is generally referred to as zenith distance 
(Co-Alt) rather than the segment of the vertical circle joining the 
subpoint and the assumed position. These angular distance 
terms are interchangeable on the celestial and terrestrial spheres. 

The values of the Zn (true azimuth) and the interior angle 
(ZZ) are listed in the HO 249 tables depending upon whether or 
not a declination solution is desired. Volume | of the HO 249 
lists the Zn rather than the interior angle. Volumes II and III of 
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the HO 249 list the interior angle (Z Z) and it is necE s Y ary to 
follow rules printed on each page to convert the intetig oy ar igle 


(ZZ) to true azimuth (Zn). 3 Pi 
RS 


HO 249, VOLUME | me: 


Pd 


Volume I of HO 249 deals solely with the solution comer ming 
selected stars and is considered separately from volutes IVE and 
Il. a na 

Volume I provides complete worldwide coverage. fi Man irospole 
to pole for each degree of latitude. The LHA of Aries is liste sd in 
1° increments from latitudes of 0° to 69° north and soul uli clu- 
sive. From 70° through 89° of latitude, the meridians ai OSG aa jose 
together that it is only necessary to tabulate the valu Or zithe 
LHA of Aries in even 2° increments. There are wor 
devoted to each whole degree of latitude between ait 5, 
and 69°S inclusive. From there to the pole, only one ey fe is 
devoted to each whole degree of latitude. “4 y 

The three stars marked by diamonds on each page:p hes vides 
sets for fixing purposes which are favorably situated in, 


and azimuth. : ‘¢ 
Nt ~ 3a 
Entering Arguments vette 
tates ie 


The entering arguments are the assumed latitude and thehHA 
of Aries (to whole degrees). At any one time, the navigator has 
the choice of the seven listed stars for that latitude plis'Pgfaris, 
The names of the stars are in capital letters if the star is’ ‘of first 
magnitude or brighter; the second magnitude stars are printed i in 
small letters. The names of the stars are relisted every “15° of 
LHA of Aries (every 30° in the polar latitudes). 

For the time the navigator expects to make an observation, 
commonly called a shot, he or she looks up the GHA of Aries 
and applies the approximate longitude to get a whole degree 
LHA of Aries. The navigator then enters volume I, HO 249, 
with the latitude closest to the DR latitude and the LHA of Aries 
to select the stars that will be shot. 

Since a single celestial observation results in only one LOP. it 
is necessary to shoot two or more bodies to obtain a fix. Suppose 
the navigator wants to shoot at approximately 0230 GMT, he or 
she looks up the GHA of Aries (in the Air Almanac) and finds it 
to be 196°. The DR position for this time is 31°48’N, 075°26'W. 
A quick calculation shows that the LHA of Aries is approx- 
imately 121°, and the closest latitude is 32°N. Notice in the 
portion of the tables reproduced in figure 11-5 that the available 
Stars at this position are Alkaid, Regulus, Alphard, Sinus. 
Rigel, Aldebaran, and Capella. Using Sirius, a shot is taken at 
0231! and the Ho obtained is 37°50’. 

GHA Anes for 0230 GMT 196°06' 
Correction for | minute + 15’ 


GHA Anes for 0231 GMT 196°21' 
Closest longitude to DR for 


whole LHA — 075°21'W (assumed longitude) 
LHA Aries for 0231 GMT 121° 


The closest whole degree of latitude is 32°N; therefore, it ts 
used as the assumed latitude. The assumed longitude is selected 


=_ =- 
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igure 11-5. Enter Tables with LHA Aries and Latitude. 


s the closest point that results in an LHA of Aries that is a whole 
egree (no minutes). The Hc of Sirius is listed as 37°40’. The Zn 
; 205°. 

The second shot was taken at 0234 using Regulus; the Ho 
eing 55°30’. A new DR position could be obtained for 0234 
IMT, but the 0230Z DR position will suffice for this determina- 
on of He and Zn. 


iHA Aries for 0230 GMT 196°06' 
orrection for 4 minutes + 1°00’ 
SHA Aries for 0234Z 197°06' 


‘losest longitude for 


whole LHA ~— 075°06'W (assumed longitude) 

LHA Anes for 0234Z 122° 

The assumed latitude is still 32°N and, in this case, 075°06'W 
s the assumed longitude since this is the closest longitude to the 
YR longitude that results in the LHA of Aries being a whole 
egree. The Hc of Regulus 1s listed as 56°19", and the Zn is 119°. 

The various corrections that must be applied as well as the 
lotting of the fix are discussed later. 


uMmary of Procedure 


The steps in this procedure are as follows: 
|. Using the Air Almanac, determine the GHA of Aries for 
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the time of observation. 

2. Assume a position as close as possible to the DR position at 
the time of the shot so that the latitude and LHA of Aries in 
whole degrees may be determined. 

3. In the HO 249, turn to the page of the assumed latitude and, 
opposite the LHA of Aries, select the stars to be shot. In making 
the selection, assume that the LHA of Aries will change 1° every 
4 minutes of time. 

4. Shoot the body and record the time, Ho, and the name of 
the body. 

5. For the time of the observation, obtain the GHA of Aries 
and apply the assumed longitude to determine the LHA of Aries. 

6. Turn to the pages for the assumed latitude and, opposite the 
LHA of Aries in the column headed by the name of the star, find 
and record the Hc and Zn. 


HO 249, VOLUMES Il and Ill 


Volume I of HO 249 consists of tables of Hc and Zn for 
selected stars. Since the declination and SHA of each star 
change slowly, these tables may be used for many years with 
only small corrections. The declination and SHA of a nonstellar 
body change rapidly, making a permanent format similar to 
volume I impossible for the Sun, Moon, and planets. 
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Volumes II and III of HO 249 are declination tables adequate 
for determining the Hc and Zn of any celestial body within the 
declination range of 30° north to 30° south. They are intended 
primarily for use when observing nonstellar (solar system) 
bodies. Volume II provides for latitudes from the equator to 39° 
north or south, and volume III provides for latitudes from 40° 
north or south to the poles. Provision is made for observed 
altitudes from 90° to 3° below the horizon (7° from latitudes 70° 
to the pole). In view of refraction and of possible long inter- 
cepts, the tables are actually extended 2° below these limits. 


Entering Arguments 


Volumes II and III are entered with the LHA of the body, in 
contrast to volume I, which is entered with the LHA of Aries. 
The range extends from 0° through all LHAs applicable within 
the altitude limits of the body. Between latitude 70° and the 
pole, the LHA interval is 2°; for latitudes below 70°, the interval 
is 1°. Arguments of LHA of the body less than 180° appear on 
the left margin, and arguments greater than 180° appear on the 
right. 

Several pages are devoted to each degree of latitude. Each 
page has 15 declination columns and is labeled with its value at 
the top and bottom. Each page is also marked ‘*Declination 
Contrary Name to Latitude’’ or **Declination Same Name as 
Latitude.”’ 

The entering arguments of LHA of the body, for declination 
of contrary name to latitude, always increase from the bottom of 
the page on the left side, and decrease on the right. The opposite 
arrangement exists on pages where declination and latitude have 
the same name. Occasionally, one page will be blank in the 
middle and the top half will cover Declination Same Name as 
Latitiude; while the bottom half will be Declination Contrary 
Name to Latitude. 

Azimuth angle (Z) is listed instead of true azimuth (Zn). Since 
true azimuth is used for plotting, it 1s necessary to convert 
azimuth angle to true azimuth. The rules for conversion are 
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Figure 11-7. Table Performs the Multiplication. 
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listed on the left-hand side at the top and bottom of every page 
Notice that LHA and Zn will never occur on the same si ei 
180°. ! 

Besides the listing of Hc and Z in volumes II and Ill of HO. 
249, there is also recorded a value of ‘‘d’’. This d-value is the 
change in altitude (Hc) with a I° increase in declination. If the 
LHA and declination of the body and the latitude of the assumed, 
position are each a whole number of degrees, the Hc and Z are 
found in the correct declination column opposite the LHA of the 
body on the page marked by the proper latitude value. 

For example, refer to the portion of the table shown in figurg,, 
11-6. At a latitude of 40°N, if the LHA of a body is 86° and'ifg 
declination is 5°N, the Hc is 06°16’ and the azimuth angle (Z)is 
089°. The rule in the upper left-hand corner of the page applies 
for the conversion of Z to Zn. Zn = (360° — Z) or (360°- 0893) 
= 271°. Here again the position is assumed so that latitude and 
LHA are whole numbers. 





Interpolation for Declination 


When the declination of a body is a number of minutes in 
addition to a whole number of degrees, the altitude (Hc) is 
extracted for the whole number of degrees and corrected by 
interpolation for the additional minutes. There is rarely a need 
for interpolation of azimuth angle (Z), which is given only tothe 
nearest degree. 

Interpolation for Hc should always be made in the directionof 
increasing declination, in accordance with the sign of the d- 
value. Not all of the signs are printed; the srgn is given at least 
once in each block of five entries, and can always be found by 
looking either up or down the column from the value of ‘‘d’’ in 
question. The correction to altitude for additional minutes of 
declination is proportional to ‘‘d’’ and proportional to the num- 
ber of additional minutes. 

In the previous example, the latitude was 40°N, the LHA of 
the body was 086°, and the declination was 5°N. Suppose the 
declination had been 5°17'N. The basic figures obtained would 
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¢ 06°16’ Hc and 089° Z as before, and the true azimuth would 
till be 271°. The Hc of 06°16’ is not correct for a declination of 
°17'N, but is correct for 5°N. The Hc change for an additional 
° of declination (d-value) is +39 minutes of altitude. Howev- 
t, the correction needed in this case is for 17 minutes of 
eclination, not a whole degree. Consequently, the additional 
orrection is 17/60 of +39’. To the closest whole number, this 
jould be + 11 minutes of altitude. 

This multiplication can be done on the slide rule face of the 
\R computer, or by means of a table found in back of volumes II 
nd III, HO 249. A portion of this table is shown in figure 11-7. 
lotice that there are no signs listed. The proper sign for the 
nswer from this table is the same sign as the basic d-value. 
Jalues of ‘‘d’’ are given across the top of the table, and addition- 
| minutes of declination are given down the side of the table. In 
he table, the correction 11’ is found by looking across 17’ for 
eclination and down 39’ for ‘‘d’’, to their intersection at 11’. 
since the sign of the d-value is plus, this correction is added to 
he tabulated Hc. The correct Hc value then becomes 
6°16’ + 11’ or 06°27’. 

Following is a sample problem illustrating the solution. Refer 
0 the portion of the tables in figure 11-8 for the solution. 
Suppose the Sun is observed at 1005 GMT. The DR position is 
38°12'N, 101°47’E, and the Ho of the Sun is 10°52’. 
Declination of the Sun 


for 1000Z 7°37'S 
GHA Sun for 1000Z 326°53' 
Correction to GHA 

for 5 minutes + 1°15’ 
GHA Sun for 1005Z 328°08' 


Closest longitude for whole 


degree LHA + 101°52'E (assumed longitude) 
430°00’ 
— 360°00' 
LHA Sun for 1005Z 070°00' 


The closest whole degree of latitude is 38°N; therefore, it is 
used as the assumed latitude. Since the assumed latitude is north 
and declination is south, the navigator must use the HO 249, vol 
ll page for 38° latitude which is headed ‘‘ Declination (0° — 14°) 












LHA greater thon 180°....... 
LHA 












1536 +39 103) 1616+ 102] 1655-37 1 
71/1452 3e 102/15 30 98 10111608 3 
7211406 99 10211444 99 1021/1522 9: 2 
7341319 ye 1031/1357 398 10011435 97 
7411233 Xe 100/231] 3»7 99 
18} 11466 9911224497 
Hess 8 2 
” 38 
7810926 57 9811003 97 


1319 ye 10211241 38 102 
1406 8 10111328 »e 102 
1452 »8 10211414 9¢ 103 

























© 


\ 





DECLINATION (0°-14 
aE 


‘ 
99/1925¢07 


46 38 10411008 0 10810929 90 Te 

2 39 105{1053 38 10511025 ye 106 

8 x9 105/11 39 3¢ 1206/1200 24.107 
eo 


DECLINATION (0°-14") 


11-7 


Contrary Name to Latitude.’’ Following LHA 070° across the 
page to 7° declination, the navigator extracts: 


Tab Hc 11°06’ 
d-value —40 
Z 108° 
d-correction from table in back of HO 249 

volume II (opposite 37’ and ‘‘d’’ 40 =25 
Corrected Hc 10°41’ 
Zn using rule in the upper left-hand corner 

of the page 252° 


Summary of Procedure 


Before proceeding, review the procedures for finding the 
altitude (Hc) and true azimuth (Zn) of a body whose declination 
lies between 30°N and 30°S, using volume II or III of HO 249. 

1. Shoot the body and record the time of observation, the 
body’s name, and the Ho. 

2. From the Air Almanac, ascertain the declination and GHA 
of the body for the time of the observation. 

3. Assume a position as close as possible to the DR position so 
that the latitude is a whole number of degrees, and the longitude 
combined with the GHA of the body gives a whole number of 
degrees of LHA of the body. Find the LHA of the body for this 
position. 

4. According to the assumed latitude, select the correct 
volume (II or III) and page which contains the correct arguments 
of declination and LHA of the body, temporarily disregarding 
the odd additional minutes of declination. Thus, if the declina- 
tion were N19°55’, use the column for 19°. Select the table 
labeled *‘Declination Same Name as Latitude,’’ if declination 
and latitude are both north or both south; or the table labeled 
‘*Declination Contrary Name to Latitude,’’ if one is north and 
the other south. Opposite the LHA of the body, read the tabu- 
lated altitude, d-value, and azimuth angle in the column headed 
by the whole degrees of declination. 

5. If the declination is not a whole number of degrees, 
determine the altitude correction for the additional minutes of 
declination. Enter the table in the back of the HO 249 volume 
with the value ‘‘d’’ and the number of additional minutes of 
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Figure 11-8. Declination (0°-14°) Contrary Name to Latitude. 
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Figure 11-9. Wobble of Earth’s Axis Takes Several 
Patterns. 


declination. Apply the correction to the tabulated altitude (Hc) 
according to the sign of *‘d’’. This is the corrected Hc. 
6. Convert azimuth angle (Z) to true azimuth (Zn) by means 
of the rule at the top or bottom of the page as appropriate. 
This completes the solution for the declination tables. 
However, there is another point that must be discussed in regard 
to the solutions in volume I of HO 249 for the stars. 


PRECESSION AND NUTATION 


The Earth’s axis does not maintain a fixed direction in space. 
Actually, the Earth is like a slow running gyro that is wobbling. 
There are several separate patterns that the wobble makes. Some 
of those patterns have short cycles, while others take hundreds 
of years to complete. Two of the many patterns are shown in 
figure 11-9. One involves small nodding motions while at the 
same time completing a larger circular path. 

The navigator uses a correction called **precession and nuta- 
tion’’ to account for these vari*tions in the apparent position of 
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the stars. This correction is applied only to celestial J 
determined with HO 249, volume I. | 


Precession 


bout the center of the Earth. The imbalance is directed te 
aligning the equator with the plane of the ecliptic. Howevg 
rotation of the Earth transforms this force into an effect g 
90° away in the direction of rotation — a precessional. gf 
The result is that the poles describe a conical path weg 
about the ecliptic poles, as shown in figure 11-10 (the poig 
from the ecliptic). Consequently, the points of inte 
the equator with the ecliptic, or the equinoxes, travel 
westerly direction along the ecliptic. This travel is called pry 
sion of the equinoxes, and it amounts to approximately § 
sixths (5/6) of a minute (50.26”) annually. The equinoxes,q 
plete one revolution along the ecliptic in approximately 
years. 

The equator is used as a reference for declination ang 
movement, due to precession of the equinoxes, causes $f 
changes in the celestial coordinates of the stars, which other 
appear fixed in space. 


Nutation 


As the relative positions and distances from the Earth to the 
Sun, Moon, and planets vary, so does the rate of precession. The 
only variation of importance in navigation is nutation. ‘*Nute 
tions,’’ from the Latin ‘‘te ned,"’ is a ‘*nodding*’ of the poles; 
one oscillation occurring in about 18.6 years. 

In figure 11-11, you can see that if the stars remain fixed and 
the equinoctial moves up and down, the declination of these 
bodies is changing. Nutation, being approximately perpendict- 
lar to the ecliptic, has an appreciable influence on declination. It 
is caused by complex gravitational forces among the Sus, 
Moon, and Earth, because of the fact that the Moon’s orbit does 
not always lie in the plane of the ecliptic. The change of 
declination of the celestial bodies caused by the resulting wob- 
ble of the Earth’s axis is called nutation. 


Position Corrections 


Because of precession and nutation, Hc and Zn for a star ar 
accurate only at the instant, or epoch, at which the LHA and 
declination for the computations are correct. A position 
obtained at any other time with that Hc and Zn requires 3 
correction. HO 249, volume I, contains Hcs and Zns calculated 
for an epoch year (midnight, | January, of that year) so. if the 
volume is used in any other year, the resultant position must be 
corrected. The precession and nutation corrections are cof 
bined and given in table 5 of HO 249, volume I. 

Entering arguments for the table are year, latitude, and LHA 
of Aries, and the correction is presented in the form ofa distance 
and direction to move the fix. The tabulated values show the 
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distance, parallel to the ecliptic, between the observer's positior 
in the year of the fix and the position in 1980 at the latitude anc 
LHA of Aries. 

Directions for using table 5 are printed in the introduction o' 
HO 249, volume I. Only one point needs emphasis here: the 
table is to be used only for observations plotted with the aid o 
HO 249, volume I — never in conjunction with volumes II o 
Il. 


SUMMARY 


This chapter has dealt with the astronomical triangle and hov 
the HO 249 volumes assist the navigator in resolving the astro 
nomical triangle to obtain an LOP or a fix. Solutions have bee! 
discussed involving stellar and nonstellar bodies utilizing HC 
249 volumes I, II and II; and the fix corrections necessary whet 
volume I is used. Succeeding chapters will discuss plotting o 
the celestial LOPs and techniques of precomputation. 
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Figure 11-1] 
: Nutation Changes the Declination. 
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Chapter 12 


CELESTIAL PRECOMPUTATION 


Celestial precomputation is neither new nor revolutionary. 
Actually, the tables necessary to do precomputation have been 
available since 1940, however, there was no operational re- 
quirement for precomputation at that time. With present day 
high-speed aircraft, however, the picture has changed radically. 
By the methods previously discussed, it is apparent that a great 
deal of work is accomplished after the last celestial observation 
istaken. The fix could easily be 10 to 20 minutes old, depending 
on the speed and proficiency of the navigator, by the time it is 
plotted on the chart. At a 600-knot groundspeed, a fix that is 15 
minutes old is 150 miles behind the aircraft and could be of 
questionable value. 

Another factor necessitating precomputation in high-speed 
aircraft lies in the very structure of the aircraft itself. There can 
be no projections such as an astrodome on these aircraft. The 
havigator will probably be using a periscopic sextant which 
could easily be the only means of viewing the heavens. With the 
limited field of view of the sextant, the correct star would be 
extremely difficult to find in the optics if the navigator did not 
know where to look. 


PRESETTING THE SEXTANT 


Precomputation greatly reduces both of the problems just 
mentioned. By completing most of the computations before 
shooting, the navigator can greatly reduce the time necessary to 
plot the fix after the last observation. Also, the problem of 
finding the star in the optics of the sextant is simplified. The 
procedure for finding the star is very similar to the heading 
check performed with the periscopic sextant, using the true 
bearing method as explained in chapter 14. In this case the Zn, 
known beforehand, is set into the sextant mount, and the Hc, 
which will approximate the Hs, is set into the sextant. Now, 
mstead of sighting the body and determining the true heading, 
the true heading is set under the vertical crosshair and the 
Selected body is found very close to the crosshairs in the sextant 
field of view. 
. To avoid erroneous settings of the azimuth window and to 
Mcrease speed in setting up the sextant, the relative bearing 
method may be used. In this method, the azimuth window 
Remains Permanently at 360.0°, and the inverse (sextant) rela- 
live bearing is computed by the formula: IRB = TH — Zn. 
The body sought will be found at its computed altitude when 
Is IRB appears under the crosshairs. 


PRECOMPUTATION TECHNIQUES 


There are many acceptable methods of precomputation in 
Yarn} sage. However, these methods are basically either 
Peptic, math ematic, or a combination of graphic and mathema- 


be 59 7 
lutions. The method used by the practicing navigator will 
a (— 4 


largely be determined by the type and speed of the aircraft, and 
by the type of mission flown. 

Celestial corrections which are used in precomputation in- 
clude atmospheric refraction, parallax of the Moon, instrument 
and acceleration errors, Coriolis and rhumb line, precession and 
nutation, motion of the observer, and wander. With precom- 
putation, new corrections and terminology are introduced, 
which include fix time, solution time, observation time, sched- 
uled time, and motion of the body adjustment. 

Fix time is the time for which the LOPs are resolved and 
plotted on the chart. Solution time is the time for which the 
astronomical triangle is solved. Observation time is the mid- 
time of the actual observation for each celestial body. Scheduled 
time is the time for which the astronomical triangle is solved for 
each LOP in the graphic method. Motion of the body correction 
is used to correct for the changing altitude of the selected bodies 
from shot to fix time, and may be applied either graphically or 
mathematically. 


Motion of the Body Correction 


Motion of the body correction is applied graphically by mov- 
ing the assumed position eastward or westward for time. This is 
possible because the GHA of Anes and, consequently, the 
subpoint of the body, moves westward at the rate of 1° of 
longitude per 4 minutes of time. In the graphic method, a 
scheduled time of observation is given to each body. If shooting 
is off schedule, the following rules apply: For every minute of 
time that the shot is taken early, move the assumed position 15’ 
of longitude to the east; for every minute of time that the shot is 
taken late, move the assumed position 15’ of longitude to the 
west. 

When the latitude of the assumed position and the Zn of the 
body are known, the motion of the body can be computed 
mathematically. For 1 minute, the formula is: 15’ x cos lat x 
sin Zn. This correction has been computed and is shown in 
tabular form in figure 12-1. 

If this table is not available to the navigator, the correction 
may be easily determined in the HO 249. For any stationary 
position (the assumed position), the LHA increases 1° in 4 
minutes of time. Thus, the Hc in HO 249, for an LHA that is 1° 
less than the LHA used for precomputation, is the Hc for 4 
minutes of time earlier than the solution time. The difference 
between the two Hes is the value to apply to the Hc or Hs to 
advance or retard the LOP for 4 minutes of time. If the Hc 
decreases (Zn greater than 180°), the body is setting and the sign 
is minus to advance the LOP if the value is applied to the Hs. If 
the Hc increases (Zn less than 180°), the body is rising and the 
sign is plus to advance the LOP if the value is applied to the Hs. 

In addition, motion corrections may)be determined by using a 
modified MB-4 computer. This modification allows for greater 


Correction for 4 Minutes of Time 


True 


Zn Latitude 

0° 8° 16°} 20° 24° 28°] 30° 32° 34°] 36° «38° 40°] 42° 44° 46° | 48° 
° , , , , ? ‘ , ‘ ‘ ? c é ‘ e , , 
090 |+60 +59 +58)+56 +55 +53)/+52 +51 +50)/+49 +47 +46/+45 +43 +42/+440 
095 60 59 57} 56 55 53) 52 51 SO} 48 47 46) 44 43 42| 40 
100 59 59 $7) 56 S4 52) 51 50 49) 48 47 45) 44 43 41f 40 
105 58 57 56} 54 53 51) 50. 49 48) 47 46 44 43 42 40] 39 
110 56 56 S54 53 52 SO); 49 48 47, 46 44 43) 42 41 39) 38 
115 | 54 54 52) 51 50 48) 47 46 45) 44 43 42] 40 39 38] 36 
120 [+52 +51 +50/+49 +47 446/445 444 443/+42 +41 440/+39 +437 +36] +35 
125 49 49 47) 46 45 43) 43 42 41) 40 39 38) 37 35 34) 33 
130 46 46 44 43- 42 41) 40 39 38) 37 36 35} 34 33 32) 31 
135 42 42 411 40 39 37) 37 36 35) 34 33 33) 32 31 £929) 28 
140 39 (38 )=— 37] 36) «6350 34) 33) 33) 32] «310 30 0) 29) 28) 7] 26 
145 34 34033] 32S 31 30, 30 29 29) 28 27 26) 26 25 24 23 
150 [+30 +30 +29/+28 +27 +26/+26 +25 +25)/+24 +24 +23/4+22 +22 +21/+20 
155 °259 25 24 24 23 22; 22 22 21; 21 #20 19) 19 18 18 17 
160 21 20 20; 19 19 18) 18 17 «+¥7| 17 16 «#16 15 15 14) 14 
165 | 16 15 15] 15 14 14 13° 13 13) 13 12 12) 12 41 41] 10 
170 10 10 10; 10 10 9 9 9 9 8 8 8 8 7 7 7 
175 | +5 +5 +5) +5 +5 +5) +5 44 +4, +4 +4 +44) +4 +4 44) 43 
180 0 0 Oo} oO 0 0 0 0 0 0 0 0 0 0 0 0 
165° |) 26 25° 5) Sh. he) ee ee ea) ee ae eg) ee, ed Sa), 
190 10 10 10; 10 10 9 9 9 9 8 8 8 8 7 7 7 
195 | 16 15 15] 15 14 147 13° 13 13) 13 12 12) 12 11 11] 10 
200 21 20 20; 19 19 18 18 17 «97] 17) 160©«©16} 15 #15 14) 14 
205 25 25 24 24 23 #22; 22 22 2t 21 20 #19} 19 18 18) 17 
210 30 30 0 «629} 28 27 26) 26 25 25) 24 24 23) 22 22 21) 20 
215 | —-34 —34 —33}/—32 —31 -—30|/-—30 —29 —29|/-—28 -—27 -—26/-—26 -—25 —24| —23 
220 39-38 )=— 37] 360 350 34) 33 33) 32) «0310 3030] 29 «28 27} 6 
225 42 42 41) 40 39 37| 37 36 35) 34 33 33) 32 31 29) 28 
230 46 46 44 43 #42 41) 40 39 38) 37 36 35) 34 33 32; 31 
235 49 49 47) 46 45 43) 43 42 41) 40 39 38) 37 35 34) 33 
240 52 51 S50) 49 47 46 45 44 43) 42 41 4.40) 39 37 36) 35 
245 |—54 —54 —52}/-—51 —5O0 —48)—47 —46 —45|-44 -—43 ~—42}/-—40 —39 ~—38] —36 
250 56 56 S54 53 52 50] 49 48 47) 46 44 43) 42 41 39} 38 
255 58 57 56} 54 53 51] 50 49 48) 47 46 44) 43 42 40) 39 
260 59 59 57} 56 54 52) 51 50 49] 48 47 45} 44 43 41{ 40 
265 60 59 57} 56 55 53) 52 51 £50} 48 47 46) 44 43 42) 40 
270 


50° 52° | 54° 
c c ? 
+39 437/435 
38 © -37| 35 
38 36] 35 
37-36] 34 
3635] 33 
35-33-32 
+33 +32(431 
32 30/29 
30 28] 27 
27. 26] 25 
25 24/23 
22. 211 20 
+19 418/418 
16 16] 15 
13,13] 12 
10 10] 9 
7 6 6 
+3 +3] +3 
o of o 
—3 -3| -3 
7 6 6 
10 10) 9 
1313] 12 
16 16 15 
19 181 18 
—22 —21]-20 
25 24) 23 
27-26 25 
30 28] 27 
32 30) 29 
33-32] 31 
—35 ~33]—32 
3635/33 
3736] 34 
38 36| 35 
38 37] 35 


56° 60° | 64° 
? ? o 
+34 +30| +26 
33 30) 26 
33 30) 26 
3229) 25 
32-28, 25 
30 27| 24 
+29 +26) +23 
27. 25) 22 
26 23 20 
24-21) «19 
22.19] 17 
19 17] 15 
+17 +15/413 
140013) 11 
11 10) 9 
9 8 7 
6 5| 5 
+3 +3] +2 
0 of o 
—3 ~3| -2 
6 5| 5 
9 38 7 
1110] 9 
14093) 11 
17. 45] 13 
—19 -17}-15 
22. 19) (17 
24 21) 19 
26 23) 20 
27° -25| 22 
29° 26] 23 
30 —27]—24 
32 28] 25 
3229) 25 
33 30) 26 
33 30} 26 


Observations Earlier than Solution Time - SIGNS AS GIVEN 
Observations Later than Solution Time - SIGNS REVERSED 


(2-1. Correction for Motion of the Body. 


y and speed in computation of combined motions (mo- 
he observer and motion of the body) than the HO 249 
‘or a discussion of this modification, see Chapter 14, 
Celestial Techniques. 

nain difference between the basic methods of precom- 
is the manner in which the motion of the observer and 
on of the body corrections are applied. In the graphic 
both corrections are applied graphically by movement 
sumed position or the LOP. In the mathematic method, 
rections are applied mathematically to the Hc, the Hs, or 
cept after being obtained from tables, a modified MB-4 
r, or the HO 249. 


al Computation Forms 


ollowing computation forms (figures 12-2, 12-3, and 
> representative of those in use by MAC, SAC, and the 
[Oo meet specialized operational requirements, major 
ids may prescribe and issue additional or substitute 
precomputation forms. The following explanations are 
-d to simplify location of the various blocks on the 
forms. (Not all blocks apply on every precomp.) 





BODY 
TIME 
LAT 
DEC 
HA 
+360 


LONG 7 


> 


H 


< <= 
eee 


N 
Zz 


if 


INT (T/A) 


LONG/CONV 
GRID ZN 


CELESTIAL COMPUTATION DATA 
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68° 72°| 76° 80° 
, e ‘ ¢ 
+22 +19/+15 +10 
22. 18] 14 10 
22 18] 14 10 
22 18] 14 10 
21. 171 14 10 
20 17] 13 «9 
+19 +16/+13 +9 
18 15] 12 9 
17 14, 11 8 
16 13) 10 «7 
1412) 9 #7 
13 11) 8 6 
+11 +9) +7 +5 
9 8 6 4 
8 6 5 4 
6 s| 4 3 
4 3 3 2 
+2 +2) +1 +1 
o of Oo o 
—2 -2) -1 -1 
4 3 3 2 
6 5 4 3 
8 6 5 4 
9 8 6 4 
1069} 67S 
-13 -11| -8 -6 
14°12) 9 #7 
16 13 107 
17 14, 11 8 
18 615] 12. 9 
19 16, 13 9 
-20 -171-13 —9 
21 17) 14 10 
22 18] 14 10 
22. 181 14 10 
22. 18) 14 10 


—60 —59 —58|-56 —55 —53|—52 -—51 -S0)/-49 —47 —46)/-45 -—43 ~—42)}-—40 -—39 -—37|-35 -—34 ~—30!/—26 —22 -—19/-15 —10 
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True 
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AAAAANAQ WNUK Ah & WWHA HH] COC K$ HK HHDWWwW hh PNMNY AHAAAAH 
& 


285 


270 





Figure 12-2. MAC Celestial Computation Form. 
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SHEET NO. 
CELESTIAL PRECOMPUTATION a 


HO-249 PRECOMPUTATION - PERISCOPIC SEX TANT 


ee 
ee ee 
R 
CORIOLIS 23 : 
NM ° 
N 
a SC CD De 
ASSUM -W 
MOTION 
OBSERVER 
MOTION ASSUM ° N 
BODY 27 LAT s 
4MIN N 
DJUST 5 
xX TIME LANNED 
a Pe el 
TOTAL MOT. ACTUAL 
ADJUST. TIME 
ff | feore sea 16 = es - 
ved 1) | eed oo a 
a eee 
TOTAL 
et | oe ee 
OFF TIME 
ff, ae TU Ul 
REFRACTION TABLE (Condensed) 
ALTITUDE MSL (Thousands of "a 
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63° 46° 41° 36° 31° 
33° 19° 16° 14° 11° 
21° 12° 10° 8° qo ug? 
16? 8° T 6, 5° 3-10° 
12° 5° 3-10° 2-10° 


CONV +W 

ANGLE -E 

TIME TH/GH o}] GYRO O| PP: LAT N PP: LONG W 
Ss E 


CORIOLIS FACTOR (CF) TABLE 
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4 = S 
s {s/s 
o 2 Bs 
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a oe 
o as 


ed 
WN 


REL Zn 





CORIOLIS (NM) = (GSK = 100) XCF. 


EXAMPLE: LAT = 359 N; GS = 400K; CORIOLIS = 4X 1.5 = 6NM RIGHT. 





Figure 12-3. SAC Celestial Computation Form. 
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1. DATE - Place the Zulu date of the Air Almanac page used 
in this block. 

2. FLX TIME - Greenwich mean time (coordinated universal 
time) of the computation. 

3. BODY - The celestial body being observed. 

4. DR. LAT LONG - The DR position for the time of the 
observation. 

5. GHA - The value of GHA extracted from the Air Almanac 
(10-minute intervals). 

6. CORR - The GHA correction for additional minutes of 
time to be applied to the GHA in block 5 and, if necessary, the 
360° addition required to establish the LHA. 

7. SHA - When a star is used in conjunction with volumes II 
or IIT, HO 249, Sidereal Hour Angle is placed in this block. 

8. GHA - Corrected GHA (sum of blocks 5, 6, and 7). 


9. ASSUMLONG , p 


obtain a whole degree of LHA. 

10. LHA - LHA of the body (or Aries). 

11. ASSUM LAT - The whole degree of latitude nearest the 
DR position. 

12. DEC - The declination of the celestial body (not used with 
volume I, HO 249). 

13. TAB Hc - The Hc from the appropriate page of HO 249, 
vol II or III. 

14. D - The ‘‘d”’ correction factor found with previous Hc - 
include + or — , as appropriate. This value is used to interpolate 
between whole degrees of declination. 

15. DEC - Minutes of declination from block 12. 

16. CORR - This space is for the correction obtained from the 
**Correction to Tabulated Altitude for Minutes of Declination’’ 
table in volumes II and HI, HO 249, using blocks 14 and 15 for 
entering arguments. 

17. He - This is the corrected Hc - sum of blocks 13 and 16 or 
extracted from HO 249, volume I. 

18. Z- Extracted from HO 249, volume II or III (not used with 
MAC or SAC precomp). 

19. Zn - True azimuth of the celestial body from the formula 
in volumes II and III, HO 249; or directly from volume I. 

20. TRACK - The true course (track) of the aircraft. 

21. GS - The groundspeed of the aircraft. 

22. FLT ALT - Aircraft altitude. 

23. CORIOLIS - The Coriolis correction extracted from HO 
249, the Air Almanac, or a Coriolis/rhumb line table. 

24. PREC/NUT - Precession and nutation correction com- 
puted from the table in volume I, HO 249. 

25. REL Zn or Zn-CUS - The difference between Zn and 
track, used to determine motion of the observer correction. 

26. MOTION OBSERVER/MOO - Motion of the observer 
correction for 4 minutes of time. 

27. MOTION BODY/MOB - Motion of the body correction 
for 4 minutes of time. 

28. 4-MIN ADJUST - Algebraic sum of 26 and 27. 

29. X TIME - Time difference between planned ange time and 
computation time. 

30. TOTAL MOT ADJUST/ADV/RET - Sa based 
on 4-minute motions, for the difference between the time of the 


—1,The assumed longitude required to 
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shot and fix time. The sign of this correction will be the same as. 
the sign in block 28 if the observation was taken prior to the 
computation time; if it was taken later, the sign will be reversed. 

31. REFR - Correction for atmospheric refraction. 

32. PERS/SEXT - Sextant correction or personal error. 

33. SD - Semidiameter correction for Sun or Moon. 

34. PX - Parallax correction for Moon observation. 

35. POLARIS/Q CORR - The ‘‘Q’’ correction for the time of 
the Polaris observation (extracted from HO 249 or the Air 
Almanac). 

36. TOTAL ADJ - Algebraic sum of blocks 30, 31, 32, 33, 
34, and 35 as applicable. 

37. OFF-TIME MOTION - Motion adjustment for observa- 
tion other than at planned time. 

38. Hs - Height shot (sextant reading). Labelled Ho on MAC 
and SAC precomps. 

39. INT - Intercept distance (NM) is the difference between. 
the computed Hc and the Ho. Apply the HOMOTO nie to 
determine direction (T or A) along the Zn. 

40. LAT - Polaris latitude. 


41. CONV ANGLE * 
navigation. 
42. GRID Zn - The sum of blocks 19 and 41. 


— Convergence angle used in gnd: 


Corrections Applied to Hc 


In some methods of precomputation, corrections are applied 
in advance to the Hc to derive an adjusted Hc. When using 
corrections which are normally applied to Hs, the signs of the 
corrections are reversed if applied to Hc. For example: 


Corrections Applied to Hs 





Hs 31° 05 
REFR : —01 
PERS/SEXT —05 
Ho 30° 59 
——— ree, ae 
INT 19T 


cee cm iim gee iia iii EEE 


Corrections Applied to Hc 


He 30° 40 
REFR +01 
PERS/SEXT +05 
ADJ Hc 30° 46 
Hs 31° 05 
INT 19T 


In both cases, the intercept is 19 towards. This example shows 
that it matters little in which manner observational errors at 
taken into account. As long as they are applied with the propét 
sign, the intercept remains the same. The following sample 
precomps use a common fix time (though computation times att 
different) and common observation times to facilitate compari- 
son. NOTE: Atmospheric refraction correction must be & 
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Figure 12-4, Navy Celestial Computation Form. 
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CORIOLIS FACTOR (CF) TABLE 


CORIOLIS (NM) = (GSK + 100) XCF. 
EXAMPLE: LAT = 35°N; GS = 400K; CORIOLIS = 4X 1.5 = 6NM RIGHT. 
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Figure 12-5. SAC Form — Early Observations. 
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tracted for the actual Hs. It may then be applied to either Hc or 
‘Hs using the proper sign. Extracting the value for Hc may cause 
large errors, especially when the body is near the horizon. 

_ Figure 12-5 is a sample three-star precomputation using a 
‘typical SAC form (figure 12-3). This form reflects the philoso- 
‘phy that the aircraft should alter at fix time; therefore, all 
observations are taken early and mathematically resolved to a 
‘cgmmon fix time. Note that all corrections to altitude of the 
body are applied to the Hc, and the sign of the correction has 
‘been reversed in this process. An advantage of this technique is 
that the fix may be plotted prior to the computation time. 
However, any minor errors in interpolation for motions are 
multiplied for the two earliest shots and may cause inaccuracies 
m the fix. 

Figure 12-6 shows a MAC three-star precomputation using a 
three-LHA solution resolved graphically to computation time. 
‘The fix may then be moved for track and groundspeed to 
accommodate other LOPs. Each observation is taken *‘on time’’ 
and then plotted out of its own plotting position. The advantage 
to this precomp lies in its ease and speed of accomplishment, 
with relatively few opportunities for math errors to occur. The 
three assumed positions required for this solution, on the other 
hand, often cause large intercepts and may make star identifica- 
tion difficult if care is not taken in choosing the precomp 
assumed position. 

Figure 12-7 is a sample Navy precomputation for three stars 
using the three-LHA method and mathematically adjusting the 
observations to computation time. Motion of the observer is 
used to advance or retard the observations for 4 minutes (revers- 
ing the sign for the late shot) and all corrections are applied to the 
sextant altitude. Using this method, the navigator is monentarily 
behind the aircraft; but the fix may be moved for track and 
groundspeed to any convenient time. This solution is very fast 
and accurate and uses only one assumed position. 

Each of the above solutions fulfills its purpose within its 
mission requirements. When each one is adjusted to a common 
fix time of 0704, the resulting three positions fall within 2 
nautical miles of N38.02 and W120.17. 





Limitations of Precomputation 


Precomputational methods lose accuracy when the assumed 
Position and the aircraft’s actual position differ by large dis- 
tances. Another limiting factor is the difference in time between 
the scheduled and actual observation time. The motion of the 
body correction is intended to correct for this difference. 

The rate of change of the correction for motion of the body 
changes very slowly within 40° of 090° and 270° true azimuth, 
and the observation may be advanced or retarded for a limited 
period of time with little or no error. When the body is near the 
observer's meridian, however. the correction for motion of the 
body changes rapidly, due in part to the fast azimuth change, 
and it is not advisable to adjust such observations for long (over 
6 minutes) periods of time. 

Errors in altitude and azimuth creep into the solution if adjust- 
ments are made for too long an interval of time. Because of these 
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Figure 12-6. MAC Form — Three LHA Solution. 


errors, the navigator should attempt to keep observation time as 
close as possible to computation time. 


PREPLOTTING TRUE AZIMUTH (Zn) 


In order to reduce. as much as possible. the time between the 


last observation and final fix plotting: many navigators preplot 
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Figure 12-8. Fix Can Be Plotted Quickly. 


the Zns of the bodies. This technique is best used when working 
On a constant scale chart and using a technique of precomputa- 
tion that will give one assumed position. Before making any 
observations, plot the assumed position, correct it for Coriolis 
and precession/ nutation (if required), and draw the Zns of the 
bodies through this point. When going toward the body, use a 
solid line or a colored pencil; when going away from the body, 
use a dashed line or a different colored pencil to readily identify 
loward and away. Label each Zn as the Ist, 2d, or 3d as shown in 
figure 12-8, or use the names of the bodies. If desired. distances 
from the assumed position may also be marked off. Suppose the 
corrected assumed position is 30°40’N, 117°10’W and the fol- 
lowing Zns were computed for the bodies: 

Ist shot Zn = 020° 

2d shot Zn = 135° 

3d shot Zn = 270° 
The original assumed position of 31°N, 117°08’W has been 
orrected for precession/nutation and for Coriolis/rhumb line 
ror to obtain the plotting position. ) 

When the first intercept is found to be 10A, second intercept 
40A, and the third intercept SOT, the fix may be plotted quickly 
by constructing perpendicular lines at the correct point on the 


3 OR wa 
y 








respective Zn line. No direction or distance measurement is 
required after shooting - only the intercept is needed. This 
greatly reduces the time necessary to plot the fix. Since the 
dashed part of the Zn line is the away situation, it is used for the 
first two intercepts, while the solid or toward portion of the Zn 
line is for the third intercept. 


SUMMARY 


Celestial precomputation methods have been brought to the 
forefront with the proliferation of high-speed aircraft. The 
speeds at which aircraft now fly make it necessary to reduce the 
time between the last observation and the final fix. 

The periscopic sextant may be the only means of viewing the 
sky. In this case, it is necessary to precompute the altitude and 
azimuth of a body in order to locate it. 

One of the most important things to remember when precom- 
puting is that corrections may be applied to either the Hc, Hs, or 
intercept. Particular attention must be paid to the sign of the 
correction. In addition to precomputation, the speed with which 
a fix is obtained may be increased by preplotting the true 
azimuths of the bodies. 
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Chapter 13 


"LOTTING AND INTERPRETING THE CELESTIAL LOP 


( 


INTRODUCTION altitude is measured using a sextant. 
2. Because no tabulated information for azimuth or elevation 


This > Papter will explain methods that will transform the is required for this method, corrections for refraction, parallax, 


bulated@ hd in-flight observation values into an aircraft posi- | semidiameter, wander error, and sextant correction are applied 
in. The Navigator is faced with two tasks: Plotting the resultant directly to the Ho. 
‘plormation onto a chart, and resolving this information into an 3. Subtract the resultant measurement from 90° to obtain the 
dirraftpos % tion. There are two basic methods of obtainingaline —__co-altitude. Multiply the number of degrees times 60 to convert 
if positiorn = The subpoint method and the intercept method. to nautical miles (1° = 60 NM). Add any fractional portion of 
degrees to the previous value. 
he Sube=™ Cint Method (figure 13-1) Example: Vega is observed at an altitude (Ho) of 88° 23’. 
Sextant correction is — 03". 
A detailess™l explanation of the theory concerning this method is 88°23’ —03' = 88°20' 
Mined inc apters 10 and 11. Here is a summary of the steps 90° — 88° 20’ = 1° 40’ 
involved: 1 x 60 = 60 + 40 = 100 NM 
|, Once the navigator has positively identified the body. the 4. In this example, 100 NM represents the distance from the 
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observer’s position to the subpoint of the body. The coordinates 
of the body are its corresponding declination and GHA. For this 
example, Vega’s Dec is N38°46’. The GHA is obtained by 
applying the SHA of Vega to the GHA of Aries. 

Example: SHA = 080°59’ 

GHA Aries = 039°18’ 
GHA Vega = 120°17’ 

Subpoint of Vega is located at 38°46’N 120°17'W 

The observer is now ready to apply the information: 

1. Plot the subpoint on an appropriate chart. 

2. Using dividers or compass, span the distance representing 
the co-altitude; in this case, 100 NM. 

3. Using the body’s subpoint (BS 38°46’N 120°17'W) as the 
center and 100 NM (co-altitude) as the radius. The circle is 
called the circle of equal altitude and the observer is located on 
that portion of the circle nearest the dead reckoning position. 

There are definite advantages to this method. It requires no 
precomp values and plotting 1s very simple if the observer and 
body are reasonably close together. When the observer and body 
are separated by great distances, some disadvantages appear. 

If a body is observed at 20° above the horizon, the observer is 
4,200 nautical miles from its subpoint. To swing an LOP from 
this subpoint, the subpoint and the arc must be plotted on the 
same chart. To permit plotting of any LOP, the chart must cover 
an area extending more than 4,000 miles in every direction from 
the DR position. This means that the chart must be either of such 
large size that it cannot be spread out on a table in the aircraft, or 
of such small scale that plotting on it is inaccurate. To cover an 
area 8,000 miles across, a chart 4-feet square must be drawn to a 
scale of about 1:10,000,000. Furthermore, measuring would be 
difficult because of distortion. 

Since a celestial LOP cannot always be drawn by swinging an 
arc from the subpoint, the intercept method — which is based on 
the same principles as the subpoint method — is often used. 


intercept Method (figure 13-2) 


One may eliminate the need for plotting the body’s subpoint 
and still draw the arc representing the circle of equal altitude. By 
using the trimetric relations present in the following formula, 
the observer may calculate the altitude and azimuth of the body 
for the dead reckoning position: 

He = SIN7 '[SIN(DEC’)SIN(LDr) 

+ COS(DEC')COS(LDr)COS(LHA)| 

Z = COS(Z)=[SIN(DEC’') 

— SIN(LDR)SIN(HC)]/[COS(HcCOS(LDr) | 


IN = Z if SIN(LHA)<0 
360 — Z if SIN(LHA)= 0 


The calculations may be performed quickly using any of the 
programmable calculators. or they may be extracted from the 
HO 249 volume. This method enables the observer to use any of 
the navigational bodies available at the appropriate fix time. 
Here is a brief review: 

|. Compute a DR for the time of the position using preflight or 
in-flight data. 

2. Determine the necessary entering values for the HO 249 


AFM 51-40 = 15 Marchi 
volume being used (LATITUDE, LHA, DEC contrary or. i 
and extract all the necessary values of Hc, Z, etc... 

3. After making all the necessary conversions and ¢o rot 
(see chapter 11), compare the Ho and corrected He: Thi 
ence is the intercept. If the Ho equals the corrected:H¢ Mr 
circle of equal altitude passed through the plottin seas 
the Ho is greater than the Hc, the difference 1 Is, AY ai 
direction of the Zn. The Zn represents the azimuth 
observer's positions to the subpoint. If the Ho i is ee : 
Hc, plot ‘the difference 180° from the Zn. “aS 

NOTE: If HO is MOre, plot TOwards the sil p om 

( HOMOTO) © ia aa 

Example: The assumed position is 38°N, 21°30 
taken at 1015 GMT on Aldebaran. The Ho is 32°14 
determined to be 32°29’ and the Zn 120°. A compa fa 
and Hc determines the intercept to be 15 nautical oe 
(ISA). Fc ig 
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Plotting LOP Using Zn Method (figure 1 13.aff : 
Step 1. Plot the assumed position and set the intey | 
tance on the dividers. “ 
Step 2. Draw a dashed line through the assumed ty 
toward the subpoint. | y | 
Step 3. Span intercept distance along dashed Zi vii. 
Step 4. Place plotter perpendicular to Zn. ae 
Step 5. Draw LOP along plotter as shown. 


Plotting LOP Using Flip Flop Method (fi igure fe 


Step 1. Plot the assumed position and set the ir inca 
tance on the dividers. ; q 
Step 2. With point A of the dividers on the assume zi o 
measure 120° of the Zn and place point B of the divide er 
in this case, away from 120° or in the direction of 300¢ 
assumed position. Slide the plotter along the dividé Be 
center grommet and the 100/200 mile mark are lined Dy 
over point B of the dividers marking the intercept’ oa ‘ 
Step 3. Remove point A of the dividers from the; Fas 
position, keeping point B in place. Flip point A (that’y Nay : 
assumed position) across the plotter, at the same time ¢) Ge 
the dividers so that point A can be placed on the ge | 
90°/270° mark of the plotter. BI ¥ 
Step 4. Flop the plotter around and place the sill 
against the perpendicular which is established by the ie 
Step 5. Draw LOP along the plotter as shown. 4 
Summary of Intercept Method. “4 
The main steps to remember when determining t ie 7 
the intercept method are: Z, 
1. For some assumed position near the DR position /f i 
altitude (Hc) and the true azimuth (Zn) of this body for thet 
of the observation. This is done with the aid of celestial tables 
such as HO 249, or a programmable calculator. 
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Figure 13-3. Celestial LOP Using Z, Method. 


2. Obtain needed corrections, sextant correction, refraction, 
etc, and apply these to the Hc by reversing the sign (remember, 
we are striving to derive a precomputed value to insure the 
correct body is shot). Measure the altitude (Ho) of the celestial 
body with the sextant and record the midtime of the observation. 

3. Find the intercept, which is the difference between Ho and 
Hc. Intercept is toward the subpoint if Ho is greater than Hc, and 
away from the subpoint if Ho is smaller than Hc. 

4. From the assumed position, measure the intercept toward 
or away from the subpoint (in the direction of the true azimuth or 
its reciprocal) and locate a point on the LOP. Through this point 
draw the LOP perpendicular to the true azimuth. 


Additional Plotting Techniques 


The preceding techniques involve the basic plotting proce- 
dures used on most stars and the bodies of the solar system. 
However, there are certain techniques of plotting that are pecu- 
liar to their own celestial methods; for example, the plotting of 
LOPs obtained by using Polaris which is discussed later. Also, 
certain precomputation techniques lend themselves more readi- 
ly to other plotting techniques, such as preplotting the true 
azimuths or plotting the fix on the DR computer. 

These last plotting techniques are discussed in the section on 
HO 249 Precomputation. Other special techniques are discussed 
in the section on curves, in which the celestial observation is 
plotted on a graph rather than on the chart. 


INTERPRETATION OF AN LOP 


Navigation has two aspects — the mechanical and the inter- 
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pretive. The mechanical aspect includes operation and reading 
of instruments, simple arithmetical calculations, plotting, and 
log keeping. The interpretive aspect is the analysis of the data 
which have been gathered mechanically. These data are variable 
and subject to error. The navigator must convert them into 
probabilities as to the position, track, and groundspeed of the 
aircraft, and the direction and speed of the wind. 

The more these data are subject to error, the more careful the 
interpretations must be, and the less mechanical the work cat 
be. LOPs and fixes especially require careful interpretation. 

It is convenient to think of a fix as the true position of th 
aircraft and of the LOP as a line passing through this position 
but these definitions are optimistic. It is almost impossible t 
make a perfect observation and plot a perfect LOP. Therefore 
an LOP passes some place near this position, but not necessaril 
through it, and a fix determined by the intersection of LOPs| 
simply the best estimate of this position on the basis of one set ¢ 
observations. Thus, in reality, a fix is a most probable positiot 
and an LOP is a line of most probable position. 

The best interpretation of LOPs and fixes means they 4 
used, to the best advantage, with dead reckoning. But goc 
interpretation cannot compensate for poor LOPs, nor can g00 
LOPs compensate for careless dead reckoning. To get g00 
results, every precaution must be taken to insure the accuracy‘ 
LOPs and exact DR calculations. 

Intelligent interpretation requires fine judgment, which ca 
only be acquired from experience. The navigator can be guide 
however, by certain well-established, though flexible rules. 

The following discussion pertains especially to celesti 
LOPs and fixes. It also applies to LOPs and fixes established b 
radio, and, to some extent, to those obtained by map readin; 
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Figure 13. 
Bire 15-4. Plot~w~ ing Celestial LOP Using Flip Flop Method. 


LOQENR 


Previous discussions dealt with the basic plotting of an LOP 


rn “Tors in LOPs, but they did not show the actual mechanics 


€ plotted corrections which must be applied. The LOP must 
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be corrected for Coriolis/rhumb line correction, and also for 
precession/nutation correction if it is based on an HO 249, 
volume I, star shot. Coriolis/rhumb line correction becomes a 
very significant correction at higher speeds and latitudes. For 
example, suppose the correction determined from the Coriolis/ 
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Figure 13-5. Two Methods of Coriolis/Rhumb Line 
Correction. 


rhumb line correction table is 9 nautical miles right (of the 
track). The LOP must be moved a distance of 9 nautical miles to 
the right of track. This can be done either by moving the 
assumed position prior to plotting, or by moving the LOP itself 
after it is plotted. (Remember the assumed position is not used in 
the plotting of the LOP obtained from a Polaris observation.) 
Consider figure 13-5, which shows a track of 90°. 

Notice that, in both methods, the corrected LOP is in the same 
place with respect to the original assumed position, and that the 
intercept value is the same. The resultant LOP is the same 
regardless of the method used. 

If, in addition to the Coriolis/rhumb line correction, a preces- 
sion/nutation correction of 3 nautical miles in the direction of 
60° is required, it would have been further applied as shown in 
figure 13-6. Again, the corrected LOP is the same, using either 
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method, because the intercept and resultant position of the 
corrected LOP to the original assumed position are the same. 
The corrected LOP alone gives very little information; hence, a 
position must be arrived at only after considering the LOP and 
the DR position for the same time. There is also a special use for 
the single LOP which is discussed in the section on landfalls, 


Most Probable Position (MPP) By C-Plot 


The most probable position is just what the name implies. Itis 
not a fix; however, since it is the best information available, itis 
treated as such. Notice in figure 13-7A that the DR position and 
celestial LOP (for the same time) do not coincide. 

Obviously, the DR information or celestial information, or 
both, are in error. Notice that the prior fix has no time ontt. 


Figure 13-6. Two Corrections — Coriolis/Rhumb Line 
and Precession/Nutation. 


pict eoriby Google 





: aru 51-49 


Pp 








15 March 1983 





13-7 


Suppose this prior fix had been for the time of 1010. It would 
then be very likely. that most of the error is in the celestial 
information and the probable position is closer to the DR posi- 
tion than to the celestial LOP. On the other hand, suppose the 
prior fix had been for the time of 0900. Since the accuracy of the 
celestial information is unaffected by the time to the last fix, it 
would in this case be most likely that the actual position is closer 
to the LOP than to the DR position. 

A formula has been devised to position the observer along the 
perpendicular to the LOP according to the time factor. The 
formula is 

d = p 

t t+p ) 
where t is time in minutes, p is the perpendicular distance 
between the DR position and the LOP, and d is the distance from 
the DR position for the time of the MPP measured along the 
perpendicular to the LOP. Look at figures 13-7B and C and see 
how the formula works for the two problems cited above if the 
perpendicular is 20 nautical miles in length. In figure 13-7B, t is 
15 minutes and p is 20 nautical miles, so 

Se ae d =_300 =§57NM 
15 LS 420 a 

and the MPP would be located along the perpendicular about 8' 
nautical miles from the DR position. 

Now, consider figure 13-7C where t is 1 hour 25 minutes or 85 
minutes, p is 20 nautical miles and 


20 + 85 d = 1700 = 16.2 NM 
105 
In this case, the MPP would be over 16 nautical miles away from 
the DR position along the perpendicular to the LOP. 

If the navigator prefers not to use the formula, a simple table 
can be easily constructed to solve for d with entering arguments 
of t and p as shown in figure 13-8. The table could easily be 
enlarged to handle larger values of t and p. 

In most fixes, the DR position is so close to the LOP that the 
midpoint between these two can be considered the MPP. A good 
rule to use is to take the midpoint of the perpendicular if the total 
distance between the DR position and the LOP is 10 nautical 





To the closest NM values of “d” in the formula. 
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miles of less. If the value of p is greater than 10 nautical miles, 
the formula 
ee SP 
t t+p 
or a table based on this formula should be used to determine the 
MPP. 

Up to this point, determination of the MPP has been rather 
mechanical. Experienced navigators will frequently further ad- 
just the position of the MPP for other factors not yet considered. 
For example, if the LOP is carefully obtained under good 
conditions or if it is the average of several LOPs, the navigator 
may further weight the MPP in the direction of the LOP by an 
amount that judgment dictates. However, the reverse may be 
true if the LOP is obtained under adverse conditions of rough 
air. In the latter case, the navigator might move the MPP closer 
to the DR position by some amount determined by sound judg- 
ment. 

Further, consider the validity of the DR position in relation to 
factors other than time. A DR position at the end of 40 minutes 
would be more reliable with drift and groundspeed by timing 
than one based on metro information. These factors may also 
adjust the original MPP closer to or farther away from the DR 
position, along the perpendicular. However, these last men- 
tioned factors are judgment values that come only with experi- 
ence. In fact, the experienced navigator may mentally calculate 
all the factors involved and arrive at the final position of the 
MPP without recourse to a formula or table. 


Finding a Celestial Fix Point 


Up to this point, only the single celestial LOP and what to do 
with it have been considered. Now, the celestial fix should be 
considered. To establish a fix, two or more lines of position must 
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Figure 13-9. Conversion of LOPs to a Common Time. 
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be obtained. Since, in most cases, two or more LOPs cannot be 
obtained simultaneously, they must be converted to a common 
time. For example, an LOP obtained at 1010 must be converted 
to the LOP obtained at the fix time of 1014. There are several 
methods for making this conversion which are discussed in this 
chapter: Consideration is also given to the planning of the fix 
and the final interpretation of the fix itself. | 


Conversion of LOPs To A Common Time 


Moving the LOP. One method of converting LOPs to a com- 
mon time is to move the LOP along the best-known track for the 
number of minutes of groundspeed necessary for the time con- 
versions. This method is similar to that used for correcting for 
Coriolis/rhumb line and precession/nutation. For example, sup- 
pose the track is 110° and the groundspeed 300 knots. LOPs are 
for 1500, 1504, and 1508, and a fix is desired at 1508. This 
means the 1500 LOP must be moved to the time of the fix, using 
the track and 8 minutes of the best known groundspeed. The 


1504 LOP must be moved to the time of the fix, using the track 


and 4 minutes of groundspeed. The 1508 LOP is already at the 
fix time, so it requires no movement. Figure 13-9 shows the 
method of conversion as it is completed on the chart. 

If, at any time, the LOP has to be retarded (moved back) to the 
time of the fix, use the following procedures. Using the recip- 
rocal track and groundspeed, obtain the correction in the regular 
manner for the number of minutes of difference. For example, 
suppose the fix is at 1800 and the last shot is at 1802. Retarding 
the LOP two minutes of groundspeed on a track of 70° would be 
the same as advancing it two minutes of groundspeed on a track 
of 250°. 

Motion of Observer Tables. A second method of conversion 
of LOPs to a common time is with a Motion of the Observer 
table such as the one in HO 249. This table gives a correction to 
be applied to the Ho or Hc, so that the LOP intially plots in its 
converted position. The correction obtained from table | in all 
volumes of HO 249 is for 4 minutes of time. An additional table 
allows the navigator to get the correction for the number of 
minutes needed. 


For example, suppose that the LOP needs to be advanced for 
I1 minutes and the Ho of the body is 33°29’ and Zn 80°. The 
track of the aircraft is 020° and the groundspeed is 240 knots. In 
the table 1, Correction for Motion of the Observer for 4 Minutes 
of Time, illustrated in figure 13-10, the entering arguments are 
Rel Zn and groundspeed in knots. Rel Zn is azimuth relative t0 
course (Zn minus track, or track minus Zn). Because of the 
mathematics involved, Zn minus track or track minus Zn may be 
used as entering arguments. Merely subtract the smaller angle 
from the larger and enter the table with the value found. In this 
case, Zn — track = 080° — 020° = 60° (Rel Zn) and ground: 
speed is 240 knots. Entering this table with these arguments, the 
correction listed is + 8 for 4 minutes of time. 

Therefore, the correction needed to advance the LOP for I! 
minutes is + 16’ (for 8 minutes), plus the correction needed for 
the additional 3 minutes which is obtained from the bottom 
portion of table 1, Enter this portion of the table with + 8 (value 
for 4 minutes) and 3 minutes. The correction in this case is + 6 


| 
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030 145 47. 49 410/412 444 +16 417/419 +21 423 424/426 +28 429 4311433 435 436 4381440 +42 +43 4451447 +48 +50 +52] 330 
035/ 5 7 8 10 11 15 16 18 20 21 231 25 26 28 29 31 33 34 36 38 «#39 «4641 © «643) 44 #46 48 © © 491 325 
0400/5 6 8 9 11 #2 14 «+15 17 18 20 211 23 25 26 28) 29 31 32 341 35 «#37 38 40] 41 43 44 46) 320 
045/ 4 6 7 af 10 13 «14 16 #17 «18 «20| 21 «+23 24 «251 27 28 30 31) 33 34 35 371 38 40 41 42) 315 
0s0/ 4 5 6 28 9 ef 12 «+13 14 #15 #17 + «+18 19 21 22 23] 24 26 27 «281 30 31 32 33) 35 36 37 391 310 
055/ 3 5 6 7 3s W 10 11 13 14 «#15 16] 17 18 20 21 22 23 24 25 26 28 29 30/ 31 32 33 34) 305 
(060) : (48) 49 410/411 +12 413 414/415 416 +17 418/419 +20 +21 +22/+23 424 +25 426/427 +28 +29 +30] 300 
05/3 3 4 SS °6 8 sf 9 10 1 #12) 13 «14 «14 «15 16 17 «+18 #19] 19 20 21 22] 23 24 25 25] 295 
o70/ 2 3 3 4 5 5 6 7 8 8 9 10) 10 1 «4912 «412 13 «14 «214 «15 1606«1606«6«17~«18! 18 «©19)=«©20~—« 21] 290 
075; 2 2 3 3 4 4 5S S 6 6 7 FF 8 8 9 9 10 10 1 41f 12 12 13 131 14 «14 «15 16] 285 
oso; 1 1 2 a 2 3 3 3 4 4 5 +S 5 6 6 6 7 7 7 8 8 8 9 F 9 10 10° 10 280 
O85 [+1 410 41 491 410 41 42 +2) 42 +2 42 +2) +3 +3 43 43) +3 43 44 441 44 44 «44 «451 45 45 +5 +45] 275 
090/00 o of 0 0 0 Ff 680 60 0 oF 0 0 080 OF 0 0 0 OF 080 0 0 OF 0 O 0 -— Of 270 
O95 j—1 —1 ~-1 -1] -1 -1 -2 -—2| -2 -2 -2 -—2) -3 -3 -3 -~3] -3 -3 -4 -4) -4 -4 -4 -5| -5 ~—5 -5 —5| 265 
WoO; 1 1 2 22 3 3 3 4 #4 #5 5S 5 6 6 6 7 7 7 8S 8 8 9 YF YG 10 10 10} 260 
05/2 2 3 3 4 4 5 5 6 6 7 FA 8 8 9 9X 10 10 1 BW 12 «+12 «+13 «93 14 «14 = «15 ~~ «16 255 
10/ 2 3 3 #4 5 5§ 6 7 8 8 9 10 10 11 «+12 «+192) 130 «14 «14 ~«15] 16 16 «17 «18 18 «19 «20. 21} 250 
N5/ 3 3 «4 5s 6 7 8 8s 9 10 1 «+12 13° «14 «+14 «+151 16 17 18 19] 19 20 21 22) 23 24 25 251 245 
120; 3 4 § 6 7 +8 9 10 11 #12 «+1930 «14 «15 16 #17 18] 19 20 21 22] 23 24 25 26] 27 28 29 30) 240 
ie -3 -S5 -6 -7] -8 -9 -10 —11/-13 -14 -15 -—16/-17 -18 -20 —21}—22 -—23 —24 —25/-26 —28 —29 —30/-31 —32 —33 —34] 235 
bs 4 S$ 6 sg 9 10 12 13} 14 «+15 «+217 «+18 19 21 22 23| 24 26 27 28] 30 31 32 331 35 36 37 39] 230 
ph 4 6 7. 8g 10 11 «113 «144 16 417 «18 «420) 21 23 24 25] 27 28 #30 31] 33 34 35 37| 38 40 41 421 225 
pi 5 6 g of 11 #12 «+14 «15 «17°«18 «20 )«21 23 25 26 28] 29 31 32 34 35 37 38 401 41 43 44 46 220 
ps 5 7 g tol 11 13 «15 «16 18 20 21 23] 25 26 28 29 31 33 34 36 38 39 «+41 «431 44 «#46 48 49] 215 
5 7 9 10: 12 14 16 17] 19 #21 «23 24 26 28 29 «311 33 35 36 38] 40 42 43 45] 47° 48 50. 521 210 
—S -—7 ~g ~-131/-13 -15 -—16 —18]-20 -22 —24 -—25|—-27 -—29 -—31 —33/-34 —36 —38 —40|/-42 -—44 ~45 —47|~-49 —51 —53 —54| 205 
‘6 6 8 9 i} 13 #15 #417 «+191 21 23 24 26 28 30 32 34 36 38 39 «41; 43 «+45 «447 «491 51 53 55 56] 200 
a 6 8 10 12) 14 «#15 #417 «+19 21 23 25 27) 29 31 33 35] 37 39 41 «43| 44 #46 «48 «5Ol 52 54 56 58] 195 
a 6 8 10 12) 14 16 18 20: 22 24 26 28 30 32 33 «35 37 39 «#441 «+431 45 «+47 «+49 «35tl 53 55 57 591 190 
‘a 6 8 10 12] 14 16 18 20; 22 24 26 28 30 32 34 36 38 440 42 444 46 «+48 50 52) 54 56 58 60] 185 
—6 ~8 —10 ~12/-14 -16 -18 —20/-22 —24 —26 —28/-30 -—32 —34 —36|-38 —40 —42 —44|-46 —48 —S50 —52/—54 —56 —58 —60| 180 
Interval Correction for Less Than 4 Minutes of Time 
of Interval 
Tj of 
im : 7 : ‘ 
. Value from 4-minute Motion Tables (For values greater than 60’ see opposite page) Time 
——___]|._ 2 4 6 (8)10|12 14 16 18 20] 22 24 26 28 30] 32 34 36 38 40/42 44 46 48 50|52 54 56 58 60 
fs 0 4 et é é ‘ ce é ‘ ‘ ¢ é é ‘ e c ‘ ‘ , é td é , é ‘ c é c , ‘ m s 
0 © 0 0 @ of Oo 1 4 4 4) 4 4 4 4 Fhao44o2 2 2) 2 2 2 2 2] 2 2 2 2 2] 0 10 
0 oO 0 0 1) 1 7 4 2 2] 2 2 2 2 213 3 3 3 «34 4 4 4 46[4 4 5 5 5 20 
40 oO oOo 1 1{/ 2 2 2 2 21/3 3 3 4 4), 4 4 4 5 5| 5 6 6 6 6|6%7 7 7 8 30 
50 °o 1 4 2; 2 2 3 3 314 4 4 5§ 5} 5 6 6 6 7417 7 8 8 8} 9 9 9 10 10 40 
7 °o 1 4 2/2 3 3 4 415 5 5 6 6/7 7 8 8 8/1 9 9 10 10 10/11 11 12 12 12 50 
10 o 1 2 213 4 4 4 5| 6 6 6 7 8| 8 8 9 10 10]10 11 12 12 12113 14 14 14 15] 1 00 
20 1 1 2 314 4 5 5 6| 6 7 8 8 9] 9 10 10 11 12] 12 13 13 14 15115 16 16 17 18 10 
30 1 1 2 314 5 5 6 7] 7 8 9 9 10]11 11 12 13 13114 15 15 16 17/17 18 19 19 20 20 
40 : 2 2 4/4 5 6 7 8| 8 9 10 10 11]12 13 14 14 15116 16 17 18 19] 20 20 21 22 22 30 
50 : 2 2 4] 5 6 7 8 8] 9 10 11 12 12] 13 14 15 16 17]18 18 19 20 21| 22 22 23 24 25 40 
6 2 3 5| 6 6 7 8 9/10 11 12 13 14/15 16 16 17 18119 20 21 22 23| 24 25 26 27 28 50 
10 : 2 3 5| 6 7 8 9 10/11 12 13 14 15116 17 18 19 20] 21 22 23 24 25] 26 27 28 29 30] 2 00 
20 : 2 3 5| 6 8 9 10 11/12 13 14 15 161/17 18 29 21 22] 23 24 25 26 27] 28 29 30 31 32 10 
30 b 2 4 6} 7 8 9 10 12/13 14 15 16 18/19 20 21 22 23| 24 26 27 28 29| 30 32 33 34 35 20 
40 ; 2 4 6/ 8 9 10 11 12/14 15 16 18 19] 20 21 22 24 25] 26 28 29 30 31] 32 34 35 36 38 30 
50 7 zs 4 7} 8 9 11 12 13115 16 17 19 20] 21 23 24 25 27] 28 29 31 32 33] 35 36 37 39 40 40 
G)e 3 4 7| 9 10 11 13 14116 17 18 20 21]23 24 26 27 28| 30 31 33 34 35| 37 38 40 41 42 50 
10 6} 8| 9 10 12 14 15116 18 20 21 22] 24 26 27 28 30| 32 33 34 36 38] 39 40 42 44 45 3 00 
20 3° 5 6 8/10 11 13 14 16117 19 21 22 24]25 27 28 30 32| 33 35 36 38 40] 41 43 44 46 48 10 
30 S 3 5 7 8110 12 13 15 17118 20 22 23 25] 27 28 30 32 33|35 37 38 40 42| 43 45 47 48 50 20 
40 a 4 5 7 91/10 12 14 16 18119 21 23 24 26] 28 30 32 33 35|37 38 40 42 44| 46 47 49 51 52 30 
50 za 4 6 7 9/11 13 15 16 18] 20 22 24 26 28] 29 31 33 35 37] 38 40 42 44 46] 48 50 51 53 55 40 
oe 4 6 8 10] 12 13 15 17 19] 21 23 25 27 29| 31 33 34 36 38| 40 42 44 46 48] 50 52 54 56 58 50 
2 4 6 8 10|12 14 16 18 20] 22 24 26 28 30| 32 34 36 38 40| 42 44 46 48 50/52 54 56 58 60] 4 00 


‘ 


 /_—_— 


Time of fix 


Later than 


observation 


Earlier than 


observation 


Sign from 
4.min. Table 


To observed 
altitude 


Add 


Subtract 
Subtract 


Add 


Figure 13.19 
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thus obtaining a total of + 22’. 

Hence, the 11-minute correction totals + 22. By applying any 
other correction (refraction, sextant correction), a total adjust- 
ment is derived. By changing the sign, this total may be applied 
to the Hc. One may wish to apply the correction to the Ho. In this 
case, the sign of the adjustment would remain the same. One 
may also apply the adjustment to the intercept as the rules state 
in table 1. In each case, the resultant intercept would be the 
same. 

Suppose the Hc was 33° 57’. Applying the correction — 22 
yields 33° 35’. Comparing this with our Ho 33°29’ results in an 
intercept of 6 nautical miles away. If one decided to apply the 
correction to the Ho, + 22 + 33°29’ yields 33°51’. Comparing 
this to the Hc 33°57’ yields the same result — 6 nautical miles 
away. 

In the sample problem, suppose the Hc was 33°57’. The 
intercept is 6 nautical miles away. If the original Ho 33°29’ had 
been used with — 22' applied to the Hc, the navigator would 
have obtained an Hc of 33°35’ and still had an intercept of 6 
nautical miles away. 

When using the Motion of the Observer table and when the fix 
time is earlier than the observation (LOP to be retarded), the rule 
for the sign of the correction is also printed below table 1. 

Moving the Assumed Position. Another method of converting 
LOPs to a common time is to move the assumed position. This 
method is recommended for shots 4 minutes apart computed to 
give all three bodies a single assumed position. However, it is 
not limited to that type of computation. The assumed position is 
moved along the best-known track at the best-known ground- 
speed. For example, again suppose the track is 330° and the 
groundspeed 300 knots. LOPs are for 1500, 1504, and 1508, and 
a fix is desired at 1508 (figure 13-11). 

Since the first LOP would have to be advanced 40 nautical 
miles (8 min at 300k), the same result is realized by advancing 
the assumed position 40 nautical miles parallel to the best- 
known track. The 1504 LOP must be advanced 20 nautical 
miles; therefore, the assumed position is advanced 20 nautical 





Figure 13-11. Moving Assumed Positions. 
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miles parallel to the best-known track. The third shot require re: 
movement, and it is plotted from the original assumed posi 

It should be noted that the first shot is always plotted from 
assumed position which is closest to destination. In this 
if observations are precomputed and the assumed | 


Os tic 
moved prior to gia the following procedure i isu usec 




















LOP; if the shot was late, retard the LOP. : 

Planning the Fix. In selecting bodies for observation, one 
should generally consider azimuth primarily and such factors as 
brightness, altitude, etc — secondarily. If all observations are 
precisely correct in every detail, the resulting lines of position 
would meet at a point. However, this is rarely the case. Three 
observations generally result in lines of position forming a 
triangle. If this triangle is not more than 2 or 3 miles on a side 
under good conditions, and 5 to 10 miles under unfavorable 
conditions, there is normally no reason to suppose that a mistake 
has been made. Even a point fix, however, is not necessarily 
accurate. An uncorrected error in time, for instance, would 
require the entire fix to be moved eastward if observations were 
early and westward if observations were late, at the rate of | 
minute of longitude for each 4 seconds of time. 

In a two-LOP fix, the ideal cut of the LOPs is 90°. Notice 
figure 13-12 that, with this cut, a 5-mile error in one LOP will 
cause a 5-mile error in the fix. If the acute angle between the 
LOPs is 30°, a 5-mile error in one LOP will cause a 10-mile error 
in the fix. Thus, with a two-LOP fix, an error in one LOP will 
cause at least an equal error in the fix; the smaller the acute angle 
between the LOPs, the greater the fix error caused by a given 
error in one LOP. Of course, if both LOPs are in error, the fix 
may be thrown off even more. 

In a three-LOP fix, the ideal cut of the LOPs is 60° (star 
azimuths 120° apart). With this cut, a 3-mile error in any one 
LOP will cause a 2-mile error in the fix. With any other cut, a 
3-mile error in any one LOP will cause more than a 2-mile error 
in the fix. 

In a three-star fix, the cut will be 60° if the azimuths of the 
stars differ by 60° or if they differ by 120°. If there is any 
unknown constant error in the observations, all the Hos will be 
either too great or too small. Notice in figure 13-13 that, if stars 
are selected whose azimuths differ by 120°, this constant error of 
the Hos will cause a displacement of the three LOPs, either all 
toward the center or all away from the center of the triangle. In 
either case, the position of the center of the triangle will not be 
affected. Similarly, if the navigator uses any three stars, the 
azimuths of which do not fall with 180°, any constant error in 
observations will tend to cancel out. 

The three-star fix has two distinct advantages over the two- 
star fix. First, it is the average of three observations. Second, the 
effect of constant errors of observation can be counteracted by 
selecting the stars carefully. There is also a third advantage. 


; 
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Figure 13-12. Effect of Cut on Accuracy of a Fix. 


Each Pair of two LOPs furnishes a rough check on the third. In 
resolving an observation into an LOP, the navigator might 
veri make a gross error; for example, obtaining an LHA 
Garedicen error by a whole degree. Such an error might not be 
to ‘ianatt y apparent. Neither would such a discrepancy come 
ate attention in a two-LOP fix. However, this third 
advantage does 
— pe s, such as is done when precomputing and using 
Saas Riper to resolve all LOPs to a common time. 
€se three advantages, it is evident that a three-star 


fix 
should be used, rather than a two-star fix, whenever possi- 


Whatever 


the number of observations, common practice, 
backed by lo 


8IC, is to take the center of the figure formed unless 
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Figure 13. 


13, 
Effect of Azimuth on Accuracy of Fix. 








not apply when a single LHA is used in solving 
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there is reason for deviating from this procedure. By ‘‘center’’ 
meant the point representing the least total error of all lin 
considered reliable. With three lines of position, the center 
considered that point, within the triangle, which is equidistan: 
from the three sides. It may be found by bisecting the angles bu 
more commonly, it is located by eye. 

Effect of Fix Error. In determining track and groundspe: 
from departure to a fix, the greater the distance, the less tl 
relative effect of a given fix error, and the more accurate tl 
track and groundspeed determination. The same is true in dete 
mining track and groundspeed between fixes. However, whi 
two points are subject to error, the track and groundspe: 
between them are twice as liable to error as when one point 
definitely known. 

In map reading, a fix is relatively accurate; therefore, t 
chief source of error in the calculated wind is inaccuracy int 
true heading and the true airspeed. When using celestial mea 
or the radio, fixes often are less accurate than are air positior 
Since the fix and the air position may both be in error, the wii 
determined from them may be quite inaccurate. Consequentl 
the use of radio and celestial fixes requires better judgment th 
does the use of map reading fixes. 

The magnitude of the error in a calculated average wind vari 
with the error of the fix and with the error of the air position. 
varies also with the magnitude of the wind effect and with t 
length of the period over which the wind is being determine 

As shown in figure 13-14, with a given fix error, the great 
the wind effect, the less the error in measured wind directio 
The fix is 5 miles in error. With a 10-mile wind effect, t 
maximum error in measured wind direction is 30°; whereas w! 
a 20-mile wind effect, the maximum error is about 14 1/: 
Wind effect is proportional to wind speed and to time. The 
fore, the accuracy of measured wind direction increases with t 
speed of the wind and with the length of the period over whi 
the wind is determined. If the wind is weak, small fix errors m 
be expected to cause apparent inconsistency of wind directic 

The magnitude of the actual wind speed has almost no effe 
on the accuracy of the calculated wind speed. No matter wi 
the wind speed, a 10-mile fix error after an hour's flight can gi 


13-12 
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Figure 13-14. The Greater the Wind Effect, the Smaller 
the Error. 


only a 10-knot error in calculated wind speed. The navigator 1s 
interested in the absolute error and not the percentage error in 
wind speed. A 10-knot absolute error always will cause a 10- 
mile position error after an hour; this is true whether the true 
wind speed is | knot or 100 knots. 

The longer the period over which the wind is determined, the 


AFM 51-40 15 March 1983 


greater the wind effect, and the smaller the relative influence of 
a given fix error upon the wind effect. Hence, the longer the 
period, the more accurate the value obtained for the speed of the 
average wind. Doubling the time also doubles the wind effect, 
and hence, will halve the maximum error in calculated wind 
speed caused by a given fix error. 

The examples have been given in terms of airplot, but the 
conclusions are valid regardless of how the wind is found. It has 
been assumed in the examples that there was no error in aif 
positions. However, DR errors are cumulative; whereas, the 
error of a fix is not affected by distance from departure. When 
the cumulative error of the airplot has become greater than the 
average fix error, then results can be improved by restarting the 
airplot from a fix. The difficulty is to recognize that time whenit 
comes. 


SUMMARY 


Because of all the factors involved, a certain amount of 
judgment is necessary, along with the proper use of the mech@- 
nics comprising celestial navigation. When using a single LOP 
or a fix, the navigator has to take into consideration the existing 
conditions and weigh the DR information against the informa- 
tion obtained from the LOP. 

An accurate DR position should always be computed. 

A formula has been devised to aid in determining an MPP 
from a single LOP, but the navigator may want to make further 
adjustments to the final position. The formula ts 

d = p 

t trp 
Remember, d is the distance measured along a perpendicular 
from the DR position to the LOP. 

In the case of the two- or three-star fix, planning plays a very 
important part. Selecting stars whose azimuths differ by 120° for 
a three-star fix will minimize errors in the fix position. In 
two-star fixes, the ideal azimuth separation is 90°. Also, when 
dealing with more than one LOP, it is necessary to resolve the 
LOPs to a common time. This adjustment can be accomplished 
by moving the assumed position, by moving the LOPs, or by 
applying a correction factor to the Hc or Ho. 
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every day and under all circumstances, but are valuable alterna- 
tives to normal precomping procedures. Most of these tech- 
hiques save time by eliminating either some extractions or 
computations. Some navigational techniques and planning pro- 

cedures are also discussed. A few references, which may prove 
helpful, are included at the end of the chapter. 


é LATITUDE BY POLARIS 


Polaris is the pole star, or North Star. Because Polaris is 
approximately 1° from the North Pole, it makes a small diurnal 
circle and seemingly stays in about the same place all night. 
y| This fact makes Polaris very useful in navigation. With certain 
44 COffections, it serves as a reference point for direction and for 
latitude in the Northern Hemisphere. 

Latitude by Polaris is a quick method of obtaining a latitude 
LOP—only the tables given in the Air Almanac are needed. 
Many navigators use a Polaris observation in almost every 
three-star fix. 

, There are a number of ways to get a latitude by Polaris, 
+ depending on the accuracy needed and the technique used to 
plot. Latitude by Polaris is accomplished by applying ‘'Q’’ 
correction (figure 14-1) to the corrected Hc. This adjusts the 
altitude of the pole, which is equal to the navigator’s latitude. 

This critical ‘*Q”’ correction table is in the back of the Air 

Almanac, with entering arguments of LHA of Aries and cor- 

rected observed altitude (corrected sextant altitude in Air Alma- 

nac). The effect of refraction is not included, so the observed 
is must be fully corrected before using to enter the ‘‘Q”’ 
able. . 

Example: On 20 March 1979 for GMT 2230 at 50-27N 
75-12W, with an observed altitude 50°-32' at 33,000’, find 


latitude. (Exact latitude and longitude is used when working 
with Polaris.) 
G 


{- = 


= 


HA 155-21 
Longitude (West) 75-12 
LHA 080-090 


(True Course 095°, 
Groundspeed 380k, 
Coriolis/rhumb line 10R) 


Corrected Observed Altitude 50-32 

Q (LHA 080-09) eis Oe 

Latitude . 49-58 
Azimuth (LHA 80°, Latitude 50°) 


= 359.0 


_ This chapter has some techniques which may not be used | 
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Chapter 14 


SPECIAL CELESTIAL TECHNIQUES 


In this case, refraction is 0’ and all information was taken 
from the Air Almanac. If **Q’’ correction table in star volume | 
is used, remember P/N (precession and nutation), as well as 
Coriolis/rhumb line, must be used in plotting the resultant LOP. . 
This is because the HO 249 is for a 5-year period and, the further 
one gets from the Epoch year, the greater the error is when using 
the Polaris table. P/N compensates for this error. 

When plotting Polaris, two techniques may be used. One is to 
plot the LOP as a line of latitude (corrected for Coriolis or rhumb 
line and accuracy, the actual azimuth of Polaris as obtained from 
the Azimuth of Polaris table may be used (figure 14-2). 

A Polaris LOP may also be found by using the intercept 
method. Referring to the previous problem: 


Assumed Latitude 50-27N 
Q (Reversed Sign) + 34 
He Polaris 51-01 
Ho Polaris 50-32 
Intercept — 29A 


This allows the Coriolis or rhumb line correction to be applied 
to the assumed latitude prior to plotting the LOP, thus saving 
time. 

NOTE: Applying 29A to assumed latitude gives 49-58N, which 
is the same as previous answer, prior to plotting. 


LHA METHOD OF OBTAINING FIX 


A different method of obtaining a fix, rather than a single 
LOP as in the Polaris precomp, is the 3-LHA method of precom- 
ping used with the stars as shown in figure 14-3. The first step in 
obtaining a celestial fix in this manner Is to solve a precomputa- 
tion for the time of the fix. In solving for the time of 0500, an 
LHA of 102 is determined. LHAs for 0456 and 0452, 4 and 8 
minutes prior to fix time, respectively, are found. Since theoret- 
ically we have 15’ of sky movement for every minute of time, 
the two corresponding LHAs would be 101 and 100. Enter 
volume I of the HO 249 and find the Hc and Zn for the respective 
LHAs. 

When shooting the selected bodies, take care to shoot them 
exactly on the prescribed times. This will make motion of the 
body unnecessary. Motion of the observer is compensated for by 
moving the assumed positions for track and groundspeed. If a 
shot is taken off time (early, for example), remember the 
FEAST (Fast EAST) rule: a shot taken too fast, or early, has the 
assumed position moved 15’ of longitude east for each minute 


_ early to compensate for body motion. This adjusted position is 


oe 
tas. 
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POLARIS (POLE STAR) TABLE, 1979 A103. 
FOR DETERMINING THE LATITUDE FROM A SEXTANT ALTITUDE 
, L.H.A.T L.H.A.? L.H.A.? L.H.A.? | LEA? L.H.A.T L.H.A.T 
Q ° ’ Q ° , Q ° ’ Q ° ’ Q ° , Q ° , Q ° ’ Q 
‘| gi 54 ..1118 02 |/145 38 ,.’|188 49 ..| 26828 .'\300 29 . ‘|s31 29 -’ 
— 42) 93 24 37 | 116 12 — 8] 146 54 70) | 191 50 14> | 269 47 >| 301 38 7 1) 892 48 28 
4g | 84 51 39| 117 21 4 | 148 10 5, | 195 22 | 271 8 5, | 302 47 " || 384.07 — Oe 
gs | 8618 55] 118 30 5 | 149 27 1, | 199 45 44 | 272 30 5. | 903 57 | | 335 28 
ag | 87 42 9g | 119 39 2] 150 45 0 | 206 88 | | 273 51 91 | 305 06 | 336 50 
~47| 89.05 57/120 49 4 | 152 04 | 219.17 7 | 275 10 9, | 306 16 | 338.13 
4g | 90 27 94/121 58 9 | 158 25 5. | 226 10 |. | 276 28 | 4) | 307 25 | 339 37 
49| 91 48 5,| 12808 . | 154 46 (75, | 230 33 | 277 45 15, | 908 34 | 341 04 
~50| 9807 94] 124.17 | 5] 156 08 5. | 234 05 4 | 279 01 || 309 43 | 342 31 
~49| 24 26 93/125 26 | 2/157 32 5) | 287 06 | 4. | 28017 | | 310 53 | 344 01 
4g} 9543 95/126 35 7 4) 158 57 5) | 239 49 | | 281 32 8 | 812 02 | 345 33 
a7| 9700 9/127 44 7 | 160 24 2 | 242 17 | 282 46 | | 818. 12 | 347 07 
4g} 2818 _ 99 | 128 54 1 5] 161 58 5) | 244 35 | 0] 284 00 |, | 314 22 || 348 43 Oe 
45 | 29 31 _ 39/130 03 | 7/163 23 2 | 246 44 | 285 13 | 5 | 815 33 | | 850 23 
gq | 200 46 50) 181 13 7 2] 164 56 | 248 47 | 286 25 11 | 316 43 | | 852 05 
~ 4g | 101 59 _ 17 | 132 28 7 0] 166 31 | 250 43 1, | 287 37 | | 317 54 1) | 358 52 
~ 4g | 203 13 1, | 133 33 11 | 168 08 8 | 252 35 |. | 288 49 | 319 06 | 355 42 
~ 4 | 104 25 _ 15] 184 44 5, | 169 49 0) | 254 22 2 | 290 00 | | S20 17 | 857 87 
~ 4p | 105 38 14] 135 55 155 | 171 33 70 | 256 06 1. | 201 11 | 321 30 8 | 359 38 1 
106 49 137 06 173 20 257 47 ‘<> | 292 22 322 42 1 46 
39) 19g o1 —!3 | 138 18 +13] 175 12 +29] 259 24 +35 | 293 32 + 9] 323 56 171 4 02 ~ 43 
—38 —12 +14 +40 +34 + 8 —18 —44 
37 | 109 12 _ 1) | 139 30 112 | 177 08 1, | 260 59 | 294 42 | 32509 | 6 8 
~ 36 | 110 22 _ 19/140 42 1 o | 179 11 1 4) | 262 32 13 | 205 52 | 326 24 | 9 09 
95 | 111 33g] 141 55 1 17/181 20 11) | 264 02 12 | 207 O1 |< | 327 39 0 | 1208 |e 
34 | 112 43 | 143 09 1 | 183 38 1) | 265 31 3 | 208 WL | 328 55 5 | 15 87 
33 | 113 53 _ 7 | 144 23 119/186 06 | 4. | 266 58 5, | 299 20 | | 33012 5, | 19 56 4o 
115 02 145 38 188 49 268 23 300 29 331 29 26 43 
Q, which does not include refraction, is to be applied to the corrected sextant altitude of Polaris. 
Polaris: Mag. 2-1, S.H.A. 327°02’, Dec. N. 89°10.'2 
AZIMUTH OF POLARIS 
Latitude L.H.A. | Latitude 
0° 30° 50° 55° 60° | 65° 70° 0° 30° | 50° 55° 60° | 65° - 70° 
0-5 O05] O07 O8 09 11 1-4] 180 | 359-5 359-5 | 359-3 339-2 359-1 | 359-0 358-7 
0-3 04] O58 06 0-7] O-8 1-0]] 190 | 359-7 359-6 | 359-5 359-4 359-4 | 359-3 359-1 
0-2 02] O83 O83 04] 0-3 0-6 |) 200 | 359-8 359-8 | 359-7 359-7 359-6 | 359-6 359-5 
0-0 0-1 0-1 O1 O-1 0-1 0-1) 210 0-0 0-0 | 359-9 359-9 359-9 | 359-9 359-9 
359-9 359-9 | 359-8 359-8 359-8 | 359-8 359-7 || 220 0-1 0-1 0-2 0-2 0-2 0:2 0.3 
359-8 359-7 | 359-6 359-6 359-5 | 359-4 359-3 || 230 02 03! 04 04 O58 | 06 07 
359-6 359-6 | 359-4 359-3 359-2 | 359-1 358-9 || 240 04 04] 06 O06 O07! O99 1-1 
359-5 359-4 | 359-2 359-1 359-0 | 358-8 358-5 || 250 05 06] O08 O09 1-0 12 1-4 
359-4 359-3 | 359-0 358-9 358-8 | 358-5 358-2 || 260 0-6 0-7 0-9 1:0 1.2 14 17 
359-3 359-2 | 358-9 358-8 358-6 | 358-3 357-9 || 270 0:7 0-8 11 12 1.4 16 20 
359-2 359-1 | 358-8 358-7 358-5 | 358-2 357-7 || 280 0-8 0.9 12 1.3 1:5 18 2.2 
359-2 359-1 | 358-7 358-6 358-4 | 358-1 357-6 || 290 0-8 0-9 13 14 146 19 2.3 
359-2 359-0 | 358-7 358-6 358-3 | 358-0 357-6 || 300 0-8 10! 13 14 #217] 2-0 2-4 
359-2 359-0 | 358-7 358-6 358-4 | 358-1 357-6 || 310 0:8 1.0 13 14 417] «20 2-4 
359-2 359-1 | 358-8 358-6 358.4 | 358-1 357-7 || 320 0-8 0.9 12 14 1.6 19 2.3 
359-3 359-1 | 358-9 358-7 358-5 | 358-3 357-9 || 330 0-7 0-9 12 13 1:5 18 2-2 
359-3 359-2 | 359-0 358-9 358-7 | 358-5 358-1 || 340 0-7 0-8 10 12 1:3 16 2-0 
359-4 359-4 | 359-1 359-0 358.9 | 358-7 358-4 || 350 06 O07] O98 1:0 1-2 14 1-7 
359-5 359-5 | 359-3 359.2 359-1 | 359-0 358-7 || 360 05 05] O-7 O08 0-9 ll 1-4 





When Cassiopeia is left (right), Polaris is west (east). 


iris Q Correction and Azimuth Tables from the Air Almanac. 
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Figure 14-2. Polaris Intercept Assuming 360° Azimuth, Polaris Latitude Using Actual Azimuth. 


then moved for track and groundspeed to account for motion of 
the observer (figure 14-4). NOTE: The plotting technique of 
using ‘‘flags’’ to designate shot sequence and direction of Zn is 
used throughout this chapter. 


DAYTIME CELESTIAL TECHNIQUES 


Daytime fixing, using celestial techniques, is rather limited 
because often only one body, the Sun, is visible. Ordinarily, 
three LOPs cannot be obtained for a fix from one body because 
the LOPs fall too nearly parallel to each other. There is a 
technique, however, which can be used to determine a fix from 
observations of one body. 


The Noonday Fix 


At low latitudes when the Sun passes close to the observer’s 
Position, usually within 10°, its azimuth changes rapidly before 
and after transit. Over a short period of time, the azimuth may 
change enough to allow a fix to be obtained. Since two of the 


LOPs must be moved by using dead reckoning information, the 
noonday fix may be less accurate than other celestial fixes. It is 
better, however, than the single LOP positions which are 
obtained during the other portions of the day. 


intercept Method 


The intercept method is normally used in obtaining a noonday 
fix. If the Sun passes close to the observer’s position, within 
about 4°, the subpoint method of plotting the fix may be used. 

This method differs from normal procedures in that three 
different precomps for three different times are computed. Be- 
cause of the rapid change of the Sun’s azimuth at or near transit, 
this variation is necessary. The procedure is: 

Step |. Determine the time of transit. This will be when the 
LHA is 360°. 

Step 2. By inspection, select the LHA before and after transit 
for which the change in azimuth is 30° or more. Since 1° of LHA 
is equal to 4 minutes of time, the difference in transit LHA and 
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CELESTIAL PRECOMPUTATION 


HO.249 PRECOMPUTATION - PERISCOPIC SEX TANT 
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CORIOLIS (NM) = (GSK + 100) XCF. 
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* Shows what needs to be done 
with an early shot. Just the 
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for a shot taken late. 
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Figure 14-3. Example of Three LHA Method. 
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Figure 14-4, Three LHA Plotting With One Early Shot. 


the new LHA can be converted to time in minutes. Thus, the 
time preceding and following transit can be determined. 

Step 3. Plot the DR positions for times determined in step 2. 
Select the appropriate assumed positions necessary for the com- 
putation and plotting of the LOPs. The assumed position for 
time of transit is also plotted. 

Step 4. After observations are made, determine the intercepts 
and azimuth for each LOP. Plot these data from the respective 
assumed positions. 

Step 5. Resolve the LOPs to a common time, preferably that 

of the transit LOP. 
NOTE: At 30° North latitude, the linear speed of the Sun is 
approximately 780 knots. Thus, on westerly headings in high- 
speed aircraft, the DR distance involved before encountering a 
30° change in azimuth will be considerable. 


Subpoint Method 


When the observer is within approximately 4° of the subpoint 
of the body, the subpoint method of solution is normally used 


because the radius of the circle of equal altitude is so small 
straight line does not approximate the arc, and a straight line 
not give an accurate LOP. 

The procedure is: 

Step |. Plot the subpoints of the body for the time o 
observations (using GHA + Dec). 

Step 2. Find the co-altitude of the shots and convert 
nautical miles ((90° — Alt) x 60 NM). 

Step 3. Advance the first subpoint and retard the third < 
the DR track, using the best-known track and groundspe 

Step 4. Using a compass or pair of dividers, set the dis 
found from the co-altitude and strike it off from the res 
subpoints. Do this for each observation. 

Step 5. The resulting intersection or triangle will g 
noonday fix. If the LOPs form a triangle, the aircraft posit 
probably within the triangle. 

The subpoint method is convenient because the HO 249 
not be used — only an Air Almanac Is required. This metho 
also be used with a star near your assumed position and m 
necessary if, for some reason, your HO 249 vol 1 is unavail 
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Figure 14-5. MB-4 1 Minute Celestial Motion 
Modification. 


The star’s declination and GHA are needed to determine if the 
observer is within 4° of the subpoint. The Air Almanac may be 
used to find the declination and SHA of the star. The SHA of the 
star is added to the GHA of Aries to find the GHA of the star. 


ELIMINATING HO 249 MOTIONS 


Many problems arise for navigators because of the many 
books, extractions, and computations needed to do celestial 
work. There are ways to reduce some of the work involved and, 
thereby, lessen the chance for error. Some of the methods we 
have already discussed are attractive for this very reason. 

During daylight, acommon technique used to eliminate some 
computations and extractions is to use a shot schedule of 4 
minutes early, on precomp time, and 4 minutes late. This causes 
any motions that would be computed to have the same magni- 
tude but an opposite sign (for the 4-minute early and late shots). 
Therefore, the motions need not be computed because they 
would cancel each other out. Of course, the on-time shot has no 
motions either. 

At night, a similar method can be employed by shooting the 
same star 4 minutes early and late, with a different star shot on 
time. Once again, the work is reduced. but only two instead of 
three LOPs are obtained. 

Rather than eliminating motions, your DR computer can be 
modified so both observer and body motions can be computed at 
one time, without entry into the HO 249. 


DR COMPUTER MODIFICATION 


Make a groundspeed and latitude scale as shown in figure 
14-5. After constructing these, the DR computer can be mod- 
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ified for quick, accurate computations of 1-minute motion 
adjustments. . 

Tape the groundspeed scale (0 through 900) along the center 
line of the grid scale. Match zero to zero, 300 to 50, and 600 to 
100 as shown in figure 14-5. Then, tape the latitude scale along 
the zero grid line so that 90 degrees falls on the center line,and 
the scale extends to the left as shown. Check the accuracy of 
your placement—30 latitude should fall 13 divisions left of 
center line. Juggle the scale as necessary to provide the gredtest 
accuracy between latitudes 30 and 45. mo! oa 

To use the modified MB-4 computer for motion adjustments, 
complete the following instructions. 7 

1. Set True North (if a grid solution, set the polar angle value 
of the assumed position) under the index. Place the grommet 
over the zero grid line. Mark a cross ( + ) at the assumed latitude 
(figure 14-6). 

2. Set your track (or grid track) under the index and position 
the slide so the groundspeed is under the grommet. Place a dot 
on the zero point of the grid scale. (figure 14-7). 

3. Place the Zn (or grid Zn) of the body under the index. 
Position the slide so the cross or the dot, whichever is upper- 
most, 1S on the zero line of the grid (figure 14-8). | 

4. The vertical distance between the zero line and the low 
mark is the combined |-minute motion. Each line of the grid 
equals | minute of arc (1 mile). If the cross is on the zero line, 
the motion is positive. If the dot is on the zero line, the motion is 
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STEP ONE 


SET NORTH UNDER TRUE INDEX AND GROMMET OVER 
ZERO GRID LINE, MARK A CROSS AT 45° LAT. 


Figure 14-6. Celestial Motions — Step One. 
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STEP TWO 


SET TRACK 270 UNDER TRUE INDEX, MOVE SLIDE SO THAT GS 
240 KTs IS UNDER GROMMET, MARK DOT © AT ZERO GRID 
LINE 


NST-2363 


Figure 14-7. Celestial Motions — Step Two. 


negative. These signs are correct for the SAC Form 289 when 
applied to the Hc. When solving for motions using grid, all 
directions must be grid directions! 


Example 


Given the following information, find the combined 1-minute 
motion adjustment. 


Assumed Latitude 45° 10’N 
True Track 270° 
Groundspeed 240k 
True Zn ie 


Combinations of Sun, Moon, and Venus 


Fairly often, either the Moon or Venus or both of these bodies 
are visible during daylight hours and can be used to obtain an 
LOP. The possibility of fixes, using combinations of these 
bodies and the Sun, should always be considered when planning 
daylight celestial flights. When planning the flight, the naviga- 
tor should use the sky diagrams in the Air Almanac to determine 
the availability of the Moon and Venus. If the bodies are avail- 
able, they can be readily found by accurately precomputing their 
altitudes and azimuths. 

When looking for Venus, take all the filters out of the sextant 
and point it at the precise location of the planet. A bright, small 
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STEP THREE 


SET Zn 171 UNDER TRUE INDEX. MOVE SLIDE SO THAT © 
DOT IS ON THE ZERO GRID LINE. READ COMBINED MOTION 
ADJUST OF MINUS 1.1. 


NBT-2364 


Figure 14-8. Celestial Motions — Step Three. 


pinpoint of light will be visible, but hard to detect, unless sky 
conditions and separation from the Sun are ideal. With practice, 
acquisition should become easier, and you will be familiar with 
those conditions conducive to making a Venus shot success- 
fully. 

When using the Moon, as at night, it is wise to shoot the upper 
or lower limb and use semidiameter correction rather than try to 
estimate its center, except when the moon is full. 

During the day when the Sun is high, the Moon or Venus, if 
they are available, can be used to obtain compass deviation 
checks. In polar regions during periods of continuous twilight, 
the Moon and Venus will be available if their declination is the 
same name as the latitude. 


THE LANDFALL 


Before the development of accurate methods of celestial 
navigation, ancient mariners had no way of checking their dead 
reckoning when out of sight of land. In crossing an ocean, they 
ran the risk of accumulating large DR errors. If their destination 
was on a continent or large island, the mariners could follow the 
coastline to destination. But, if the coastline first sighted was 
poorly charted, it was not possible to obtain a reliable position. 
Consequently, it was impossible to know which way to turn to 
reach destination. The mariners occasionally solved this prob- 
lem by deliberately setting a course to one side of destination; 
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MARINER SAILED TO 
ONE SIDE OF DESTINATION 


Figure 14-9. Making a Landfall. 


then, upon reaching the coast, they knew which way to turn. 
This procedure is known as making a landfall. In figure 14-9, the 
mariner purposely sailed left of destination. Then, when striking 
the coast, the mariner knew that the first turn had to be to the 
right. 

Like the mariner, the air navigator may reach a destination by 
using some LOP which passes through it. This LOP may be a 
coastline, a river, a railroad, a lightline, or a radio beam. 
Usually, it is accomplished by simply following the LOP. 
However, like the mariner, the navigator may set a course 
definitely to one side so that it becomes readily apparent which 
way the turn must be made to strike the LOP. When using a 
visible LOP in this manner, the navigator is flying a terrestrial 
landfall. 

To an air navigator, ‘‘landfall’’ means ‘ ‘celestial landfall.’’ A 
celestial landfall is similar to the terrestrial landfall except that it 
uses a celestial LOP, which is invisible. 

The celestial landfall is the most certain method of reaching 
destination when there are no other means of supplementing 
dead reckoning except with LOPs from one celestial body. 

If the navigator is aiming for a small island, course is more 
important than groundspeed. If the track is correct, the navigator 
will fly over the island sooner or later, no matter how inaccurate 
the ETA. but, if off course and the island is missed completely, 
an inaccurate groundspeed is of little consolation. If the LOPs 
were all perfect course lines, it would be comparatively easy to 
reach destination. 

The cuts of the LOPs depend on the direction of the track 
relative to the azimuth of the Sun. If the navigator can set a 
departure time, it might be possible to reach the vicinity of 
destination when the LOPs give a favorable cut, but it would 
possibly be the time of day when the azimuth is changing most 
rapidly. 

Another solution is to alter course near destination and 
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‘FOLLOW LOP 
TO DESTINATION 


approach destination from such a direction that the LOPs are 
course lines. This is a landfall. In figure 14-10, the LOPs were 
neither speed lines nor course lines, so the aircraft altered course 
in such a manner that the new course to destination was parallel 
to the LOPs. 

In a landfall, course is of the utmost importance—ETA is 
secondary. The object of a landfall is to correct course by means 
of celestial LOPs so that the navigator will pass over destination. 
Essentially, the navigator flies along an LOP or celestial true 
course line, which passes through destination. Thus, the celes- 
tial landfall is the method of using celestial LOPs as course lines 
into destination, no matter how they cut the true course from 
departure to destination. 

The celestial landfall presents two problems. The first prob- 
lem is to get onto a Celestial true course to destination. In order 
to do so, the navigator must (1) know the position of the true 
course line; (2) must know when it is reached; and (3) must 
know when to fly on it. The second problem is to fly in the right 
direction on the true course line. It would be a fatal mistake in 
mid-Pacific to turn the wrong way and follow the true course 
line away from destination. 

Although the landfalls work on the same principle, there are 
variations in procedure depending on whether the LOPs are 
more nearly course lines, or more nearly speed lines on the true 
course. Accordingly, landfalls are classified as course-line 
landfalls and speed-line landfalls. 


Course-Line Landfall 


Step 1. Refer to figure 14-10. Shoot and plot an LOP (A). 
Advance LOP (A) 10 minutes along track to establish LOP (A)). 
This allows for working time. Plot LOP (A>) through destina- 
tion parallel to LOP (A). LOP (A>) represents the celestial true 
course to destination. 
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Figure 14-10. Course-Line Celestial Landfall. 


Step 2. Determine the perpendicular true course to LOP (A>) 
from LOP (A)). 

Step 3. Compute the ETA to the celestial true course (A>). At 
the expiration of this ETA, alter onto the celestial true course to 
destination. 

Step 4. Additional celestial observations should be taken to 
update the previous calculations. 

NOTE: Celestial landfall procedures should be started at least | 
hour before the ETA to destination. 


Speed-Line Landfall 


Step 1. Refer to figure 14-11. Shoot and plot a line of position 
(A). Advance LOP (A) 10 minutes along track to establish LOP 
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Figure 14-11. Speed-Line Celestial Landfall. 


(A,). This allows for working time. Plot LOP (A>) through 
destination parallel to LOP (A). 

Step 2. Plot a distance ‘‘d’’ from destination along LOP (A>) 
representing 10% of the distance flown from the previous fix but 
not less than 60 NM. The direction which LOP (A;) is changing 
must be considered to determine whether to alter right or left of 
the flight-planned true course, and to determine whether *‘d’’ is 
plotted right or left also. 

Step 3. Alter heading at LOP (A,) to the position on LOP (A>) 
determined by ‘‘d’’. 

Step 4. Repeat this procedure at least 30 minutes prior to the 
ETA to LOP (A,) to establish LOPs (B), (B;), and to compute a 
new celestial true course (B>). 

Step 5. Alter to destination upon intersecting LOP (B;). 
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Duration of Light 


Sunrise and sunset at sea level and at altitude; moonrise and 
moonset; and semiduration graphs will not be discussed in detail 
in this chapter. It is imperative, however, to preplan for any 
mission where twilight occurs during the course of the flight, 
especially at the higher latitudes where twilight extends over 
longer periods of time. An excellent discussion, with appropri- 
ate examples, is provided in the Air Almanac and should be 
sufficient for those missions requiring detailed planning. 


TRUE HEADING BY CELESTIAL OBSERVATION 


The periscopic sextant, in addition to measuring celestial 
altitudes, can be used to determine true headings and bearings. 
Any celestial body whose azimuth can be computed, can be used 
to obtain a true heading. Except for Polaris, the appropriate 
volume of HO 249 is entered to obtain Zn (true bearing). In the 
case of Polaris, the Air Almanac has an Azimuth of Polaris 
table. It does not require information from the HO 249 tables. 

Three methods are used to obtain true headings with the 
periscopic sextant. Only the true bearing method requires pre- 
computation of Zn. Postcomputation of Zn is possible with the 
relative bearing method and the inverse relative bearing method. 
The procedures are as follows: 


True Bearing Method (TB) 


1. Determine GMT and body to be observed. 

2. Extract GHA from the Air Almanac. 

3. Apply exact longitude to GHA to obtain exact LHA. 

4. Enter appropriate HO 249 table with exact LHA, latitude, 
and declination. Interpolate if necessary and extract Zn (true 
bearing) and Hc (figure 14-12). If Polaris is used, obtain the 
azimuth from the Azimuth of Polaris table in the Air Almanac, 
and use your latitude instead of Hc (figure 14-13). 

5. Set Zn in the azimuth counter window with the azimuth 
crank and set Hc in the altitude counter window with the altitude 
control knob. 

6. Collimate the body at the precomputed time and read the 
true heading of the aircraft under the vertical crosshair in the 
field of vision. If you are using precomputation techniques, a 
true heading is available every time an altitude observation is 
made. 


Relative Bearing Method (RB) 


1. Bring the body into collimation. 

2. Turn the azimuth crank (and the sextant as necessary), until 
O° is under the vertical crosshair in the field of vision (figure 
14-14). | 

3. At the desired time, read the relative bearing of the body in 
the azimuth counter window. 

4. Compute Zn (true bearing) of the body and use the formula: 

TH = Zn — RB 
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« Precompute the Zn of the body. 


Using the azimuth crank, set the Zn of the 
body in the azimuth counter window. 


n= 


. Using the altitude control knob, set He in 
the altitude counter window. 


a Wo 


. Locate the body by turning the sextant until 
the approximate TH of the aircraft falls 
under the vertical crosshair. Body should 
be in the field of vision. Bring body into 
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Figure 14-12. True Bearing Method (Except Polaris). 


Inverse Relative Bearing Method (IRB) 


1. Set 000° in the azimuth counter window with the azimuth 
crank (figure 14-15). 


2. Collimate the body. At the desired time, read the bearing 
(IRB) under the vertical crosshair in the field of vision. 


3. Compute Zn of the celestial body and use the formula: 
TH = Zn + IRB 
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I. Precompute the Zn of Polaris. 
2. Using the azimuth crank, set the Zn of Polaris 
into the azimuth counter window. 
3. Using the altitude control knob, set your 
Latitude into the altitude counter window. 
4, locate Polaris by turning the sextant until 
the approximate TH of the aircraft falls under 
the vertical crosshair. Polaris should be 
in the field of vision. Bring Polaris into collimation. ke 
5. Read the exact TH under the vertical cross- 7 sai 
hair.(050°) 
i POLARIS 


Dis e.| 
\ =v" <~- ne, a 
arr 





LATITUDE OF 
THE OBSERVER 


Figure 14-13. True Bearing Method (Using Polaris). 


CELESTIAL NAVIGATION IN HIGH LATITUDES 


Celestial navigation in polar regions 1s of primary importance 
because (1) it constitutes the principal method of determining 
position other than by dead reckoning, and (2) it provides the 
only means of establishing direction over much of the polar 
regions. The magnetic compass and directional gyro are useful 
in polar regions, but they require an independent check, which is 
provided only by celestial bodies. Celestial navigation 1s of such 


: 
mportance 1n polar regions that the navigator customarily de- 
votes almost full time to it. 
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1. Turn crank until O° is under vertical 
crosshair. 


2. Read relative baarine in azimuth 
counter window (249°) 


3. Compute ZN of body and solve 
formula: TH=Zn-RB 
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Figure 14-14. Relative Bearing Method. 


Timepieces should be given special care. They should be 
wound regularly and their errors checked by time signal before 
each flight. They should not be exposed to very low tempera- 
tures. Below approximately — 40° (F or C), a precision watch 
becomes unreliable. A wristwatch receives sufficient heat from 
the body, but any other timepiece should be protected from 
severe temperatures. This may be done by keeping it in an inside 
pocket where it will be warmed by body heat. Even though a 
watch may be operating properly, its rate may be altered con- 
siderably by a large change in temperature. 

At high latitudes, the Sun’s daily motion is nearly parallel to 
the horizon. In areas of continuous sunlight, the moment chosen 
as the start of the day is of little importance. Hence, GMT is 
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|. Turn crank until 000° is in the azimuth 
counter window. 

2. Locate the body and bring into collimation. 

3. Read IRB under the vertical crosshair. j 2) 

4. Solve the formula: TH = Zn + IRB 
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Figure 14-15. Inverse Relative Bearing Method. 


customarily used for flights. The motion of the aircraft in these 
regions can easily have greater effect upon altitude and true 
azimuth of the Sun than the motion of the Sun itself. At latitude 
64°, an aircraft flying west at 400 knots keeps pace with the Sun, 
which appears to remain stationary in the sky. At higher lati- 
tudes, the altitude of a celestial body might be increasing at any 
time of day, if the aircraft is flying toward it, and a body might 
rise or set, at any azimuth, depending upon the direction of 
motion of the aircraft relative to the body. 

Since the apparent motion of celestial bodies is nearly hori- 
zontal, and their azimuth relationship changes relatively little, it 
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is not unusual for the same celestial bodies to be used for 
successive fixes throughout a flight in polar regions. _ 

Observations can be made by the same instruments and tech- 
niques as in lower latitudes. However, a periscopic sextant is 
most suitable for polar regions because (1) it can be used for both 
altitude observations and heading checks, (2) it is easier to use 
for low altitudes often required during summer. | 


Bodies Available for Observation 


During the continuous daylight of the polar summer, only the 
Sun is regularly available for observation. The Moon is above 
the horizon about half the time, but generally it is both visible 
and at a favorable position with respect to the Sun for only a few 
days each month. 

During the long polar twilight, no celestial bodies may be 
available for observation by an ordinary sextant, although direc- 
tional guidance can be obtained by means of an astrotracker. As 
in lower latitudes, the first celestial bodies to appear after sunset 
and the last to remain visible before sunrise are those brighter 
planets which are above the horizon. | 

Usually, a bright planet is visible throughout the twilight 
period, so that no break in routine need occur. Good advance 
flight planning can do much to avoid long periods without 
observations. 

The Sun, Moon, and planets are never high in polar skies. 
Low altitude observations are routine, for often they are the only 
ones available. Particularly with the Sun, observations are made 
whenever any part of the celestial body is visible. If it is partly 
below the horizon, the upper limb is observed, and a correction 
of — 16’ for semidiameter is used in the SD block of the precom- 
putation form. 

During the polar night, stars are available. Polaris is not 
generally used because it is too near the zenith in the artic and 
not visible in the antarctic. A number of good stars are in 
favorable positions for observation. Because of large and some- 
what unpredictable refractions in polar regions, particularly 
near the horizon, low altitudes (below about 20°) are avoided 
when higher bodies are visible. 


Sight Reduction 


Sight reduction in polar regions presents some slightly differ- 
ent problems from those at lower latitudes. Since low altitude 
observations are common, HO 249 is the most suitable method 
for continuous use because it provides for altitudes down to the 
visible horizon at flight altitudes. Remember, for latitudes 
greater than 69°N or 69°S, HO 249 tables have tabulated Hes 
and azimuths for only even degrees of LHA. This concerns the 
navigator in two ways. First, it will be necessary to adjust 
assumed longitude so both a whole and even LHA is obtained 
for entry into HO 249. This will preclude interpolating. Second, 
the difference between successive, tabulated Hcs is for 2 de- 
grees of LHA, or 8 minutes of time, so this difference must be 
divided in half when computing motion of the body for 4 
minutes of time. 

For ease of plotting, all azimuths can be converted to grid. In 
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this connection, the longitude of the assumed position should be 
used to determine convergence—since the tabulated azimuth is 
for the assumed position, not the DR position. On polar charts, 
convergence is equal to longitude. 

In computing motion of the observer, it is imperative that the 
navigator use the difference between grid azimuth and grid 
track, or true azimuth and true track, since this computation is 
based on relative bearing. True azimuth minus grid course does 
not give relative bearing. 

Since low altitudes and low temperatures are normal in polar 
-fegions, refer to the refraction correction table and use the 
temperature correction factor for all observations. 

In polar regions, Coriolis corrections reach maximum values 
and should not be overlooked. 


| Poles as Assumed Positions 


Within approximately 2 degrees of the pole, it is possible to 
use the pole as the assumed position. With this method, no 
tabulated celestial computation is necessary, and the position 
_ may be determined by use of the Air Almanac alone. 

At either of the poles of the Earth, the zenith and the elevated 
poles are coincident, and the plane of the horizon is coincident 
with the plane of the equator. Vertical circles coincide with the 
meridians and parallels of latitude coincide with declination 
circles. Therefore, the altitude of the body is equal to its declina- 
tion, and the azimuth is equal to its hour angle. 

To plot any LOP, an intercept and the azimuth of the body are 
needed. In this solution, the elevated pole is the assumed posi- 
tion. The azimuth is plotted as the GHA of the body, or the 
longitude of the subpoint. The intercept is found by comparing 
the declination of the body, as taken from the Air Almanac, with 
the observed altitude of the body. To summarize, the pole is the 
assumed position, the declination is the Hc, and the GHA equals 
the azimuth. 

For ease of plotting, convert the GHA of the body to grid 
azimuth by adding or subtracting 180° when using the North 
Pole as the assumed position. When at the South Pole, 360° - 
GHA of the body equals grid azimuth. The result will allow the 
use of the grid lines for plotting the LOPs. When using grid 
azimuth for plotting, apply Coriolis to the assumed position (in 
this case—the pole). Precession/nutation corrections are not 
necessary since current SHA and declination are used. Motion 
of the observer tables may also be used in precomputation, since 
grid azimuth relative to grid course may be determined. Motion 
of the body is zero at the poles. 
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SUN MOON 
H. (DEC) 23°12’/N H. (DEC) 10°57’N 
H. 22°04! H, 9°56! 
INTERCEPT 68NM AWAY INTERCEPT 61 NM AWAY 
GHA 168 GHA 236 

+180 ~180 
Grid ZN 348 GRID ZN 056 





Figure 14-16. Using Pole as Assumed Position. 


When a celestial body is observed, note the exact GMT. From 
the almanac, extract the proper declination and GHA. Plot the 
azimuth. Compare Ho and Hc to obtain the intercept. When the 
observed altitude (Ho) is greater than the declination (Hc), it is 
necessary to go from the pole toward the celestial body along the 
azimuth. If the observed altitude is less than the declination, as 
is the case with the Sun in figure 14-16, it is necessary to go from 
the pole away from the body along the azimuth. Draw the LOPs 
perpendicular to the azimuth line in the usual manner. It is not 
necessary to be concerned about large intercepts; they have no 
bearing on the accuracy of this type of fix. Observations on 
well-separated bearings give a fix that is as good close to the 
pole as it is anywhere else. 


SUMMARY 


Any of the techniques discussed here, if used on a regular 
basis, can be just as accurate as normal precomping procedures, 
and save some time as well. These techniques are not all inclu- 
sive. There are many commercial publications available as a 
source for celestial navigators. Another good source is your 
contemporaries - navigators in the field who have practiced, and 
are using, proven celestial techniques which may not have been 
covered here. 


Digitized by Google 
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Chapter 15 


STAR IDENTIFICATION 


You can locate the navigational stars in the heavens by the use 
of constellations, by pointer systems, or by the geometric pat- 
lens they form. You can also locate celestial bodies by comput- 
ing their altitudes and azimuths and inserting this information 
into a periscopic sextant. Therefore, a knowledge of their 


appearance within the field of view of the periscopic sextant is 
important. 


STAR CHART AND LOCATION DIAGRAMS 


| Since the many stars and planets look very much alike, their 
identity is not as readily apparent as that of the Sun or the Moon. 
To aid the navigator, the Air Almanac contains: 

* A Navigational Star Chart 

* Sky Diagrams 

* A Planet Location Diagram 

* Star Recognition Diagrams 


Navigational Star Chart 


The Navigational Star Chart shows stars in their correct 
positions according to their declination and SHA. The stars of 
cach constellation are connected by dotted lines, and the names 
of the constellations are given. 


Sky Diagrams 


The sky diagrams are useful in selecting the most suitable 
Stars and planets for navigation, particularly when part of the 
sky is obscured. Shown on the diagrams are the 57 selected 
Navigational stars, the Sun, the Moon, the four planets (Venus, 
Mars, Jupiter, and Saturn), and the North and South Celestial 
Poles. For each month, there is a series of diagrams depicting 
aia for different latitudes at 2-hour intervals throughout the 

y. 


Planet Location Diagram 


Theplanet location diagram shows the daily relative positions 
ofthe Sun, the Moon, the four planets, and the stars Aldebaran, 
Antares, Spica, and Regulus. In addition, the first point of Aries 
aso shown for reference. This diagram should be used in 
Conjunction with the sky diagrams. 


Star Recognition Diagrams 


The star recognition diagrams contain sextant views of the 
navigational stars with northern or southern declination, respec- 
tively. By orienting the diagram to the observer’s zenith, the 
relative positions of the stars within the sextant field of view 
may be determined. 


SEASONAL STAR CHARTS 


The seasonal star charts shown in figures 15-1 through 15-4 
assist the navigator in star identification. The major constella- 
tions and other stars visible during each season are shown on 
each chart. If the chart for the current season is held overhead, 
with the top of the chart oriented to the north, the chart will 
indicate the positions of the stars. 

The names of the stars and constellations appear relative to 
the bodies to which they apply. The broken lines connect stars of 
some of the more prominent constellations. The solid lines point 
out certain useful relationships and indicate the celestial 
equator. The celestial poles are marked by crosses. 

These charts are designed so that the center of the chart 
coincides with the observer’s celestial meridian at midnight of 
midseason. Each chart extends 20° beyond both poles and 4 
hours (60°) either side of the meridian at the equator. This 
coverage does not, of course, coincide with the visible sky 
which is always a hemisphere. 

The bodies on the celestial meridian above the zenith are 
north of the observer; those below are south. The observer's 
zenith is a function of latitude. If the observer’s latitude is 30° N, 
the zenith is 30/90, or 4 the distance from the equator to the 
North Pole. 

The center of the chart will coincide with the observer's 
celestial meridian at the following local mean times: 


Spring Summer Autumn Winter 
LMT Stars Stars Stars Stars 
1800 22 June 21 Sep 21 Dec 22 Mar 
2000 22 May 21 Aug 21 Nov 20 Feb 
2200 22 Apr 22 July 21 Oct 20 Jan 
0000 23 Mar 22 June 22 Sep 22 Dec 
0200 21 Feb 23 May 22 Aug 22 Nov 
0400 21 Jan 22 Apr 23 July 22 Oct 
0600 22 Dec 23 Mar 22 June 21 Sep 
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Figure 15-2. Summer Stars. 
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STAR IDENTIFICATION CHARTS 


In addition to the Air Almanac’s star recognition diagrams, 
the following star identification charts may be used to determine 
the sextant’s field-of-view pattern for the HO 249, vol | stars 
and Polaris. 

Each chart shows the first, second, third, and fourth magni- 
tude stars that are visible within a sextant having a 15° field of 
view, when the desired star is in the center. Lines, depicting the 
better known constellations have been included to make the star 
patterns more meaningful. 

The stars are shown as they would appear from the North 
Pole. For other latitudes, the accompanying tables of position 
angles tell how much the charts should be rotated to give the 
correct presentation for the time of the observation. Dashes in 
the tables indicate that the star is below the horizon at those 
points. To use the charts, enter the table with the nearest values 
of latitude and LHA of Aries to find the position angle. (Though 
interpolation may be used, it is not normally necessary to do so.) 
Then, rotate the chart until this position angle is at the top. The 
Star pattern which results is the one which will appear in the 
sextant field of view. 


1 
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For example, a navigator located at 51°N latitude has pre 
comped for an LHA of Aries of 115°. Dubhe is one of th 
diamond stars in the HO 249 vol 4, and the navigator wishes t 
determine how it will appear in the sextant field of view. By 
entering the position angle table for Dubhe with SO°N and 120 
LHA of Aries, the navigator extracts a position angle of 095° 
Rotating the chart until 095° is at the top, the navigator finds tha 
the Big Dipper should appear to the right of the field of view 


with the handle pointing down. 
SUMMARY 


In order to obtain an accurate star shot, it is first necessary t 
observe the correct star. Even with the technique of presettin, 
the periscopic sextant, it is essential that the navigator be able t 
visually pick out the desired star from its background amonj 
other celestial bodies. When using a periscopic sextant, the bes 
way to identify the correct star is by recognizing the uniqut 
‘‘pattern’’ formed by the stars in the sextant’s field of view. Tt 
aid the navigator in star identification, several references a 
available. These are the Air Almanac, seasonal star charts, and 
star identification charts. ) | 
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SEXTANTS 


Beping track of their positions by use of the sextant. This 


ustance above the horizon) and the information derived from 
mus measurement was used to determine the position of the 
pessel. All celestial navigation follows this rule. Today’s navi- 
gator measures the altitude of the celestial bodies in much the 
same manner as did Magellan, Columbus, and other famous 
Navigators. , 

However, there is a difference between air and marine celes- 
tial navigation. Because the marine navigators are on the surface 
of the ocean, they can establish their horizon by referring to the 
natural horizon. In an aircraft, this is impossible because alti- 
tude and aircraft attitude induce error. In the sextant designed 
for air navigation, a bubble, much like that used in a carpenter’s 
level, determines an artifical horizon which is parallel to the 
celestial horizon. The bubble chamber is so placed in the sextant 
that the bubble is superimposed upon the field of vision. Both 
the celestial body and the bubble are viewed simultaneously, 
ra it possible to keep the sextant level while sighting the 

y. 

Sextants are subject to certain errors that must be compen- 
sated for when determining LOPs. Some of these errors are 
instrument errors while others are induced by the various in- 
flight conditions. The first half of this chapter discusses the 
sextant and the second half explains sextant errors. 


The Bubble Sextant 


The aircraft bubble sextant measures altitude above a hori- 
zontal plane established by a bubble. The Air Force uses several 
types of bubble sextants, all of which are indirect sighting. This 
Means the navigator does not look directly toward the celestial 
body, but always looks in a horizontal direction as shown in 
hgure 16-1. The image of the body is reflected into the field of 
view when the field prism is set at the correct angle. In the 
eis sextant, the bubble and body are visible in the same field 
Of view, 

Although the Air Force uses several sextant models, the basic 
Components of all the sextants are similar in nature. The sextant 
‘ystem essentially consists of four parts: the mount, the sextant, 
the electrical cables, and the carrying case. 
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. Chapter 16 


- SEXTANTS AND ERRORS OF OBSERVATION 


The Mount 


The mount as shown in figure 16-2, is fastened permanently 
to the top of the fuselage of the aircraft. A shutter door is built 
into the mount to close the opening through which the tube of the 
periscopic sextant protrudes. This shutter door is controlled by 
the sextant port lever (refer to item 1, figure 16-2) on the mount. 
The mount has a gimbal mechanism which allows the sextant to 
be tilted from the vertical in any direction. This permits a 
celestial body to be observed throughout the normal oscillations 
of an aircraft. A drain plug, 2, is provided at the low point in the 
shutter well for draining out water which may have collected in 
the mount. 

The sextant is held in the mount by two locking pins, 4, 
located in a movable collar on the bottom of the mount. One pin 
locks the sextant into the mount and holds it in the retracted 
position; the other pin locks the sextant in the extended position. 
These pins are spring-loaded and must be pulled out to release 
the sextant. Located next to these locking pins 1s a friction 
clamping lever, 3, which provides the observer with the option 
of locking the sextant at a fixed azimuth or, when the tension is 
released, the sextant may be rotated through 360 degrees of 
azimuth. The azimuth scale, 10, and azimuth counter, 6, will 
move when the azimuth crank, 5, 1s rotated. The azimuth scale 
can be read against a lubber line (index line), 11. The azimuth 
scale read against the lubber line and the azimuth counter read- 
ing should be the same. 

Power is supplied from the aircraft through a cable connec- 
tion, 9, on the side of the mount. A switch, 8, on the side of the 
mount controls power to both the mount and the sextant. The 
mount has one lamp that illuminates the azimuth counter win- 
dow. Another cable, 7, is connected to the socket on the under- 
side of the mount and supplies power to the sextant itself. 


The Periscopic Sextant 


The periscopic sextant is an optical instrument which enables 
locating and determining true azimuth, relative bearing, altitude 
angle of a celestial body and an aircraft’s true heading. The 
sextant provides an angle of observation from below the horizon 
to directly overhead, as compared to an artificial horizon. 

Accurate observations can be obtained from the various bub- 
ble sextants by using proper collimation techniques, and by 
using the proper size bubble. Collimation is effected when the 
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OPTICAL SYSTEM—Periscopic Sextant 


Figure 16-1. Body Is Not Sighted Directly. 
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1. SEXTANT PORT LEVER 7. POWER TO SEXTANT 

2. DRAIN PLUG 8. POWER SWITCH 

3. FRICTION CLAMPING LEVER 9. POWER FROM AIRCRAFT 
4. LOCKING PINS 10. AZIMUTH SCALE 

5. AZIMUTH CRANK 11. LUBBER LINE 

6. AZIMUTH COUNTER 





‘igure 16-2. Periscopic Sextant Mount. 


























Figure 16-3. Correct and Incorrect Collimation. 
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body is placed in the center of the bubble. For greatest accuracy, 
the bubble should be in the center of the field. The error will be 
small if the bubble is anywhere on the vertical line of the field, as 
long as it does not touch the top or bottom of the bubble 
chamber. Figure 16-3 shows examples of correct and incorrect 
collimation. 

Bubble size affects the accuracy of a sextant observation. The 
ideal situation for collimation is to have a small bubble for ease 
in determining the center. However, too small a bubble is 
sluggish. For accuracy it is better to have a bubble that is active. 
Experience has shown that best results can be obtained with a 
bubble approximately one and a half times the apparent diameter 
of the Sun or Moon. The field prism is geared to an altitude scale 
so that when the body is collimated the altitude can be read from 
the scale. 

An averaging mechanism is also incorporated which allows 
the navigator to take a series of observations over a period of 
time. The bubble and resultant artificial horizon are affected by 
the continuous motion of the aircraft. This movement resolves 
itself into a cycle in which the aircraft rolls, yaws, and pitches. 
In order to obtain an accurate reading, it is necessary to sight the 
body for a period of time during this cyclic movement and to 
average the results of a series of sightings. An averaging device 
has been incorporated in the sextant so an average reading can be 
obtained. 

The sextant (figure 16-4) is actually a low-power periscope 
with a 15° field of view. All lens surfaces in the sextant are 
coated to mimimize light loss. To prevent condensation when 
the tip of the sextant 1s extended into cold air, the tube is filled 
with a dry gas and sealed. To remove moisture and check on the 
dryness of the gas inside the tube, a desiccant (composed of 
silica gel) is used and can be seen in the periscopic end of the 
sextant, or in some models, on the sextant body. When the silica 
gel is pink, there is moisture in the tube and the sextant should be 
rejected. 
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Figure 16-4. Periscopic Sextant. 


Refer to figure 16-4. An eyepiece, 1, rotates to focus on the 
eyesight of the individual observer. Filters, 2, or shade glasses 
are provided for selective use in the optical system so that the 
intensity of the Sun’s light might be adequately reduced. The 
filter control, 2, is located on the left of the sextant. 

A start/stop button, 4, located on the top left rear of the 
sextant starts and stops the operation of the sextant. Below this 
button is the averager rewind lever, 5. The averager rewind 
lever has four functions. When depressed and released, it does 
the following: 
¢ Removes the shutter from the field of vision 
e Zeroes and rewinds the timer 
¢ Zeroes the averager and realigns the indices 
¢ Disconnects the altitude control knob from the averager 
The bubble size control, 6, is located on the side of the sextant, 
and permits adjustment of the size of the bubble. 

The bubble size control should be left in the full increase 
position after adjustments have been made. With the control in 
the full increase position, an aneroid is locked to the bubble 
chamber to compensate for changes in ambient pressure and 
temperature. 

On the front of the sextant, there is a rheostat control, 7, 
which varies the intensity of the light in bubble chamber. The 
altitude knob, 8, 1s located on the side of the sextant. It is used to 
keep the observed body in vertical collimation during the period 
of the observation. At the end of the scheduled observation, it is 
used to align the averager indices. The body’s altitude is read in 
the altitude counter, 9. Directly behind the altitude knob is the 
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halftime dial and indices, 10. The halftime dial is graduate 
from 0-60, and indicates the halftime of the observation. Tf 
indices, when aligned, permit the direct reading of the cbeall 
altitude on the altitude dial. ae 
In the periscopic sextant, the averaging is accomplished by. 
Deimel-Black ball integrator which effects a continuous movj 
averager over any observation period up to 2 minutes. Thi 
system has many advantages over other known averagingi@ 
vices: it is very simple to operate, a single lever sets and 
the mechanism, and no other presetting of the sextant, tim 
mechanism, or averager is necessary. It is continously integra 
ing altitude against elapsed time. After at least 30 seconds: 
may be stopped at any time up to 2 minutes. The average altit 
may be read directly from the counter. A time dial graduated i 
seconds will indicate the half-time of the observation. The tj 
indication may be added directly to the time of starting:th 
observation to compute the mean time of the observation. Atth 
end of the observation, the averager actuates a lever which drop 
a shutter across the field of view, indicating the end of th 
observation. Although it is possible to utilize an instantaneou' 
shot, the normal timed observation lasts for 2 minutes. It i 
impossible to time any observation for less than 30 seconds. 
A heading scale shutter (diffuser lever) control, 11, provides: 
convenient means of blocking out the bright illumination on th 
aaimuth scale for night celestial observations. The objective 
lens, 12, is located just above the heading scale shutter control 
The lens aligns the azimuth scale of the sextant with the longitt 
dinal axis of the aircraft. The lens can be rotated with the finger 
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in order to calibrate the azimuth scale on a known bearing while 
looking through the eyepiece. The objectives lens can remove 
up to 2° azimuth error in the azimuth ring. A locking ring 
beneath the lens prevents accidental movement. A dial lamp 
located on the right side of the sextant provides three beams of 
light to illuminate the averager indicators, the altitude counter, 
and the watch clip. The watch clip is made to hold a master 
watch. 


Electrical Cables 


Cables provide power for sextant illumination. Other than 
lighting, the sextant is mechanically powered and can operate 
independently of aircraft power. Even if electrical power is lost, 
the sextant can still be used with a flashlight. There are two 
cables used in the sextant system. One connects power to the 
mount and the other connects the mount to the aircraft electrical 


system. 
Sextant Case 


The case provides shock-absorbent storage for the sextant 
when it is not in use. The sextant fits into form-fitting foam 
blocks and is secured by straps. The case also contains spare 
bulbs for sextant illumination and provides storage for the elec- 
trical cable. 





ERRORS OF SEXTANT OBSERVATION 


If collimation of the body with the bubble and reading the 
sextant were all that had to be done, celestial navigation would 
be simple. This would mean that LOPs accurate to within | or 2 
miles could be obtained without any further effort. Unfortunate- 
ly, considerable errors are encountered in every sextant observa- 
tion made from an aircraft. A thorough understanding of the 
Cause and magnitude of these errors, as well as the proper 
application of corrections to either the Hc or Hs, will help 
minimize their effects. (Any correction applied to the Hs may be 
applied instead to the Hc with a reverse sign.) Accuracy of 
celestial navigation, therefore, depends upon thorough applica- 
tion of these corrections, together with proper shooting tech- 
Niques. 

The errors of sextant observation may be classified into four 
groups: (1) parallax error, (2) refraction errors, (3) acceleration 
errors, and (4) instrument errors. 


Parallax Error 


Parallax in altitude is the difference between the altitude of a 
body above a bubble horizon at the surface of the Earth, and its 
Calculated altitude above the celestial horizon at the center of the 
Barth. All Hcs are given for the center of the Earth. If the light 
lays reaching the Earth from a celestial body are parallel, the 
body has the same altitude at both the center and the surface of 
‘the Earth. For most-celestial bodies, parallax is negligible for 


purposes of navigation. 
Parallax Correction for the Moon. The Moon is so close to 
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Figure 16-5. Correction for Moon’s Parallax. 


the Earth that its light rays are not parallel. The parallax of the 
Moon may be as great as 1°; thus, when observing the Moon, a 
parallax correction must be applied to the Hs. Figure 16-5 shows 
that the Moon appears at a lower altitude from the surface of the 
Earth than it would appear from the center of the Earth; there- 
fore, the correction is always plus. The amount of this correc- 
tion varies with the altitude and with the distance of the Moon 
from the Earth. The correction varies from day to day because 
the distance of the Moon from the Earth varies. Corrections for 
the Moon’s parallax in altitude are given on the daily pages of 
the Air Almanac and are always added, algebrically, to sextant 
altitudes. The values of parallax for negative altitudes are 
obtained from the Air Almanac for the equivalent positive 
altitudes. 

Semidiameter Correction. Another correction found on the 
daily pages of the Air Almanac is the semidiameter correction. It 
is needed when shooting the upper or lower limb of the Moon or 
the Sun. 

It is more likely to occur on observations of the Moon be- 
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cause, when the Moon is not full (completely round), the center 
is difficult to estimate. Therefore, the navigator observes either 
the upper or lower limb and applies the semidiameter correction 
listed in the almanac page for the time and date of the observa- 
tion. If the upper limb is observed, subtract the correction from 
the Hs; if the lower limb is observed, add the correction to the Hs 
or subtract it from the Hc. 

Listed on the same page is the semidiameter correction for the 
Sun, which is applied the same way as for the Moon. 

Example: The upper limb of the moon as observed on 2 
September 1979 at 30,000 feet is 33°41’. Apply these correc- 


tions as: 
Hs 33°41’ 
Parallax +45 
Semidiameter — 15’ 
Ho 34°11" 


Atmospheric Refraction Error 


Still another factor to be taken into consideration is atmos- 
pheric refraction. If a fishing pole is partly submerged under 
water, it appears to bend at the surface. This appearance is 
caused by the bending of light rays as they pass from the water 
into the air. This bending of the light rays, as they pass from one 
medium into another, is called refraction. The refraction of light 
from a celestial body, as it passes through the atmosphere, 
Causes an error in sextant observation. 

As the light of a celestial body passes from the almost perfect 
vacuum of outer space into the atmosphere, it is refracted as 
shown in figure 16-6 so that the body appears a little higher 
above the horizon that it really is. Therefore, the correction to 
the Hs for refraction is always minus. The higher the body above 
the horizon, the smaller the amount of refraction and, conse- 
quently, the smaller the refraction correction. Moreover, the 
greater the altitude of the aircraft, the less dense the layer of 
atmosphere between the body and the observer; hence, the less 
the refraction. 

The appropriate correction table for atmospheric refraction is 
listed inside the back cover of all four books used for celestial 
computations; namely, the Air Almanac, and each of the three 
volumes of HO 249. This table, shown in figure 16-7, lists the 
refraction for different observed altitudes of the body and for 
different heights of the observer above sea level. The values 
shown are subtracted from Hs or added to Hc. 


Acceleration Error 


Presently, the only practical and continuously available refer- 
ence datum for the definition of the true vertical is the direction 
of the gravitational field of the Earth. Definition of this vertical 
establishes the artificial horizon. It is also fundamental that the 
forces caused by gravity cannot be separated by those caused by 
accelerations within the sextant. A level or centered bubble in 
the sextant indicates the true vertical only when the instrument is 
at rest Or moving at a constant velocity in a straight line. Any 
outside force (changes in groundspeed or changes in track) will 
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Figure 16-6. Error Caused by Atmospheric Refraction. 


affect the liquid in the bubble chamber and, consequently, 
displace the bubble. | 

When the sextant is moved in a curved path (Coriolis, 
changes in heading, rhumb line) or with varying speed, the 
zenith indicated by the bubble is displaced from the true vertical. 
This presents a false artificial horizon above which the altitude 
of the celestial body is measured. Since the horizon used 1s false, 
the altitude measured from it is erroneous. Therefore, the 
accuracy of celestial observations is directly related to changes 
in track and speed of the aircraft. Acceleration errors have two 
principal causes: changes in groundspeed and curvature of the 
aircraft’s path in space. 

The displacement of the liquid and the bubble in the chamber 
may be divided into two vectors, and each vector may be 
considered separately. These vectors may be thought of as a 
lateral vector (along the wings) and a longitudinal vector (along 
the nose-tail axis of the aircraft). Any change in groundspeed 
can cause a longitudinal displacement. This change can be 
brought about by a change in the airspeed or the wind encoun- 
tered, or the change in groundspeed brought about by a change , 
in heading due to other factors (gyro precession, rhumb line \ 
error, etc). A lateral displacement results from a number of | 
causes, most of which will occur in spite of any efforts to hold . 
them in check. These causes are Coriolis, rhumb line, and , 
wander errors. 


Coriolis Force | 


Any freely moving body traveling at a constant speed above 
the Earth is subject to an apparent force which deflects its = 
the right in the Northern Hemisphere, and to the left in 
Southern Hemisphere. This apparent force and the resulting tng 
acceleration were first discovered shortly before the middle 
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Figure 16-7. Corrections for Atmospheric Refraction. 


he nineteenth century by Gaspard Gustave de Coriolis (1792- 
1843) and given quantitative formulation by Ferrel. The accel- 
tation is known as Coriolis acceleration (or force) or simply 
Coriolis, and is expressed in Ferrel’s law. 

The navigator must realize that the bubble sextant indicates 
he true vertical only when the instrument is at rest or moving at 
constant speed in a straight line as perceived in space. If the 
Earth were motionless, this straight path in space would also be 
a straight path over the surface of the Earth; conversely, a 
straight path over the motionless Earth would also be a straight 
path in space. 

When the aircraft is flying a path curved in space to the left, 
the fluid in the bubble chamber is deflected to the right and the 
bubble is deflected to the left of the aircraft’s path over the 
Earth. When the aircraft is flying a curved path in space to the 
Night, the reverse is true. 
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TABLE 5.—Refraction 


To be subtracted from sextant altitude 


Height above sea level in thousands of feet 
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0.80.9 1.01.1 1.21.3 
40 


Refraction R=RoXf 


When Rp is less than 
10’ or the height 
is greater than 35,- 
000 ft. take f=1.0 
and use R=Rp. 


For these heights no temperature 
correction is necessary: take 
f=1.0 and use R=Ro. 


Choose the column appropriate to height, in units of 1,000 feet, and find the range of altitude tn which the sextant altitude 
lies: thus find Ro. This is the refraction corresponding to the sextant altitude unless conditions are extreme. 
from the lower table corresponding to the range of temperature for the appropriate height, and use the table on the right to find R. 
Example: at a height of 30,000 feet and temperature (—) 60° C a celestial body is observed at altitude (—) 2°36’. 
1.1, and R is 55’. Subtracting this from the sextant altitude gives (—) 3°31’. 


In that case find f 
Ro is 50’, f is 


In figure 16-8, the aircraft is represented as flying on a curved 
path to the left. Note that in the inset representing the bubble 
chamber, the heavy black bubble is indicated in its approximate 
position representing the true vertical. 

The observer always seeks to center the bubble and, on this 
beam shot facing to the right side of the aircraft to observe the 
body, he or she would tip the sextant up. This would tilt the 
bubble horizon from its true position, producing a smaller 
sextant reading than the true value. Following the rule—the 
smaller the Ho, the greater the radius of the circle of equal 
altitude—the LOP will fall farther from the subpoint than the 
true LOP. Obviously, if the erroneous LOP falls farther from the 
subpoint, it will fall to the to the left of the true LOP and the 
correction to the right is valid. Corrections for Coriolis error are 
shown in the inside back cover of the almanac as well as in all 
volumes of HO 249. 
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-z aaa Coriolis acceleration is: 

‘ In the Northern Hemisphere © Directly proportional to the straight-line velocity. 

A \ Coriolis deflects a freely moving ¢ Directly proportional to the angular velocity of the Earth. 
sTurnleft 19 Pedy tothe right. The oircraft flies ¢ Directly proportional to the sine of the latitude. 

* Liquid right . nerves path to the tell 16 feeck ¢ At right angles to the direction of motion of the aircraft and 
* Bubble left ee therefore, it can only influence its direction—never its speed 


For example, in the case of a B-52D flying at 500 knot 
groundspeed at 33-53N 117-16W, the Coriolis correction j 
8NM which is then plotted to the right of track. 


Rhumb Line Error 


However, the straight Coriolis table 16-9 found in the Ai 
Almanac or HO 249 has a limited application. As long as: 
constant true heading is flown, the path of the aircraft will be: 
rhumb line. Because a rhumb line on the Earth’s surface is. 
curve, it is also a curved line in space. If the aircraft is headed 
a general easterly direction in the Northern Hemisphere, th 
apparent curve is to the left and becomes an addition to th 
Coriolis error. By the same token, if headed in a westerl 
direction in the Northern Hemisphere, the apparent curve is t 
Figure 16-8. Error Caused by Coriolis Force. the right, or opposite that of Coriolis force as shown in figur 
16-10. 





CORIOLIS (Z) CORRECTION 


To be applied by moving the position line a distance Z to starboard (right) of the track in northern latitudes 
and to port (left) in southern latitudes. 
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Figure 16-9. Coriolis (Z) Correction. 
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Figure 16-10. Coriolis/Rhumb Line Errors in the Northern Hemisphere. 
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Figure 16-11. Combined Coriolis/Rhumb Line Correction. 


There are notable exceptions to this. When flying north or 
touth, the aircraft is flying a great circle and there is no rhumb 
etror. Also, when steering by a free-running, compensated 
g9f0, the track approximates a great circle and eliminates rhumb 
fixe error. 

Prior to the wide use of high-speed aircraft, the rhumb line 
“tor was not considered because, at speeds under 300 knots, the 
‘Tor is negligible. However, at high speeds or high latitudes, 

umb line error is appreciable. For example, at 60° north 
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Figures in BOLD FACE type are plotted in a direction opposite to that of coriolis force. 
“Coriolis corrections alone are the figures in the 0° or 180° column. 


latitude with a track of 100° and a groundspeed of 650 knots, the 
Coriolis correction is 15 nautical miles right and the rhumb line 
correction 1s 10 nautical miles right. 

The correction for rhumb line error and Coriolis correction 
can be found in the combined Coriolis/rhumb line table shown in 
figure 16-11. 

Step 1. Enter the nearest latitude on the left side. Interpolate if 
necessary. 

Step 2. Enter the nearest track across the top of the chart. 
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Figure 16-12. Acceleration/Deceleration Errors. 


AFM 51-40 


15 March 191 


hee ~ 
meer oe ee a 


Interpolate if necessary. 
Step 3. Choose the closest Groundspeed Extract Rhumb Line/ 
Coriolis Correction; i.e., SON, Track 080, GS 500 = 14.3 


ZN-TR 


Groundspeed 
Acceleration 


-/+ + /- Error/Knot 


Right. 
Groundspeed Acceleration Error 


This error is caused primarily by changes in airspeed or 
changes in wind velocity. The easiest method to prevent 
changes of airspeed is through good crew coordination and 
conscientious throttle control. 

Changes in wind velocity with resultant changes in ground- 
speed are more difficult to control. The change in groundspeed 
(acceleration - deceleration) will cause the liquid to be dis- 
placed, with the subsequent shifting of the bubble creating a 
false horizon. Notice in figure 16-12 how the horizon is auto- 
matically displaced by keeping the bubble in the center while 
these changes are taking place. A very simple rule applies to 
acceleration and deceleration forces. If the aircraft accelerates 
while a celestial observation is in progress, the resultant LOP 
will fall ahead of the actual position. Accelerate — Ahead. The 
more the LOP approaches a speed line, the greater the accelera- 
tion error will become. Refer to figure 16-13: 

1. Enter with Zn-TR. 

2. Extract acceleration error, apply sign. 

3. For example, Track 080, Zn 060, GS beginning of shot 
500 knots, GS end of shot 515. 


060° — 080° = 340° = —1.40 
515 — 500 = 15 knots 
—1.40 x 15 = —21 correction to the Ho. 
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Figure 16-13. Groundspeed Acceleration Error. 
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Figure 16-14. Wander Correction Tables. 


Wander Error 


A change in track can be produced by changes in the wind 
velocity, by heading changes between limits of the autopilot, by 
heading changes produced from changing magnetic variation, 
and by heading changes derived from pilot manual steering 
errors. As with the Coriolis force and rhumb line errors, correc- 
tion tables have been developed for wander error. Values ex- 
tracted from the wander correction table, shown in figure 16-14, 
are to be applied to the Ho. 

Use the following information as entering arguments for the 
determination of the correction taken from the table: 

The heading at the beginning of the observation was 079.3°. 

The heading at the end of the observation was 081.3°. 

The observation was taken over a 2-minute period. 

The groundspeed was 450 knots. 

The true azimuth of the body was 130°. 

Following the instructions shown at the bottom of the table, 
enter the numerical portion of the table with the values of 
groundspeed and the change of track per 2 minutes. In this case, 
the groundspeed is 450 knots and the change in track per 2 
minutes is 2°. Since the heading at the end of the observation is 
greater than the heading at the beginning, the change is 2° to the 
ight. Notice that you must know whether the change is to the 
Night or to the left to determine the sign of the correction. The 
factor obtained from the table is 12 x 2 = 24. 

Next, enter the graph portion of the table with the value of the 
factor (24) and the value of the azimuth of the body minus the 
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INSTRUCTIONS 


1. Enter the ‘‘Wander in Degrees per 2 Minutes’ Table 
with track change per 2 minutes and groundspeed in 
knots to obtain the total correction in minutes of arc ( ). 


2. Enter the bottom of the graph with the factor just ob- 
tained and follow the arc around to intersect the line 
labeled with the value of Zn-track. 


3. Follow the vertical line down from the point obtained 
in Step 2 to get the correction to Ho with the given 
sign according to a turn to the left or to the right. 


value of track. The graph is so constructed that it must b 
entered with Zn — Tr. In this case, the azimuth is 130° minus 
track of 080°; the value thus determined is 050°. Following th 
rules set down in steps two and three at the bottom of the table 
the correction found is 19’. Since the change in track is to th 
right, the correction is subtracted from the Ho. This is dete 
mined by referring to the signs shown at the ends of the arc in th 
table. Figure 16-15 shows the effect of this correction. 

If the heading and airspeed are the same at the beginning an 
the end of a shooting period, there will be no wander error. Thi 





Figure 16-15. Wander Correction Applied to Ho. 
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is assuming that a change in heading produces an equal change 
in track, and a change in airspeed produces an equal change in 
groundspeed. However, this only applies if the body is con- 
tinuously collimated during the observation time. 

The amount of force applied over a given time to displace the 
liquid, and subsequently the bubble, in one direction will be 
equalized by an amount of force over a given time in the 
opposite direction to bring the aircraft back to its original head- 
ing. Therefore, if the heading (track) and airspeed (ground- 
speed) are the same at the beginning and end of a shooting, there 
will be no acceleration error caused by heading or airspeed 
changes, and no correction is necessary for wander or ground- 
speed change (a constant wind is assumed over the shooting 
period). 


Instrument Error 


Index error is usually the largest mechanical error in the 
sextant. This error is caused by improper alignment of the index 
prism with the altitude counter. No matter how carefully a 
sextant is handled, it is likely to have some index error. If the 
error is small, the sextant need not be readjusted; rather, each Hs 
can be corrected by the amount of the error. This means that the 
index error of the sextant must be known to obtain an accurate 
celestial LOP. 

Another mechanical error found in sextants is backlash. This 
is caused by excessive play in the gear train connecting the index 
prism to the altitude counter. 

Usually, index and backlash errors are nearly constant 
through the altitude range of the sextant. Therefore, if the error 
at one altitude setting is determined, the correction can be 
applied to any Hs or Hc. The correction is of equal value to the 
error but of opposite sign. 

The sextant should be checked on the ground before every 
flight during which the navigator expects to rely on celestial 
observations. Preflighting the sextant can determine the sextant 
error of an individual instrument. The sextant error can also be 
determined in flight and a correction can be applied to the 
precomp to compensate for the error. To determine the error and 
correction in flight, one must have a celestial LOP, a Zn, and the 
actual (or best known) position of the aircraft at the same time. 
Refer to figure 16-16. The fix symbol represents the best known 
position at the time of the celestial LOP. 

To determine the actual value of the correction, measure the 
shortest distance between the position and the LOP. This tells 
you how many minutes of arc (nautical miles) the Ho must be 
adjusted on subsequent shots to ‘get an accurate LOP (in this 
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Figure 16-16. Determining Sextant Error Correction. 


case, the value is 10’). To determine whether this value must be 
added or subtracted, note whether the LOP needs to be adjusted 
toward the Zn or away from the Zn. Remember the rule HOMO- 
TO? It applies here, too. If the LOP needs to be moved towards 
the Zn in order to be made more accurate, the Ho needs to be 
made larger—thus the correction is added to the Ho to make the 
Ho value increase. If the LOP needs to be moved away from the 

Zn, the correction will be subtracted from the Ho to make the Ho 

less. In figure 16-16, the LOP needs to be moved 10 miles 

toward the Zn in order to be accurate; thus, the sextant error 

correction is + 10 and can be used on subsequent shots take by 

the same sextant. 

An important thing to remember is that the sextant error 
correction assumes conditions will be consistent. As a tech- 
nique, it is wise to obtain several LOPs with a sextant, noting the 
sextant errors on each, before establishing a value to be carried 
on the precomp. Once using that correction, make sure you us¢ 
the same sextant. You may find your sextant error will change 
during flight, which is usually a result of improper collimation 
techniques. As long as that error is changing consistently, you 
may change your sextant error correction accordingly. 
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‘The original purpose of grid navigation was to ease the 
ficulties facing the navigator during high latitude flights. 
id navigation has since been found helpful at all latitudes. 

is particularly true on long routes because a great circle 
irse is flown whenever grid is used for a heading reference. 
id is simply a reorientation of the heading reference; it does 
ot alter standard techniques for obtaining fix information. 


ry PROBLEMS ENCOUNTERED IN 
POLAR NAVIGATION 













Two factors peculiar to polar areas which-make steering more 

difficult than usual are (1) the magnetic compass becomes 

highly unreliable, and (2) geographic meridians converge at 

— acute angles. The combined effect of these two factors makes 

_ steering by conventional methods difficult if not impossible. 
_ Each factor is examined below. 


Unreliability of Magnetic Compass 


Maintaining an accurate heading in high latitudes is difficult 
when a magnetic compass is used as the heading indicator. Built 
fo align itself with the horizontal component of the Earth’s 
magnetic field, the compass instead must react to the strong 
vertical component which predominates near the magnetic 
poles. Here, the horizontal component is too weak to provide a 
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Figure 17-1. Converging Meridians. 
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Chapter 17 


GRID NAVIGATION 


reliable indication of direction. As a result, compass perform- 
ance becomes sluggish and inaccurate. The situation is further 
aggravated by the frequent magnetic storms in the polar regions 
which shift the magnetic lines of force. 

But even if these conditions did not exist, the mere proximity 
of the magnetic poles would sharply reduce compass usefulness. 
While the aircraft may fly a straight course, the compass indica- 
tor would swing rapidly, faithfully pointing at a magnetic pole 
passing off to the left or nght. (To cope with the unreliable 
magnetic compass, we will use gyro information for our heading 
inputs. ) 

A similar difficulty arises from the manner in which geo- 
graphic meridians sharply converge at the true poles. 


Problem of Converging Meridians 


The nature of the conventional geographic coordinate system 
is such that all meridians converge at the poles. Each meridian 
represents a degree of longitude; each 1s aligned with true north 
and true south. On polar charts, the navigator encounters one 
degree of change in true course for each meridian crossed; thus, 
the more closely the aircraft approaches a pole, the more rapidly 
it crosses meridians. Even in straight-and-level flight along a 
great circle course, true course can change several degrees over 
a short period of time. The navigator is then placed in the 
extremely peculiar position of having to constantly change the 
aircraft’s magnetic heading in order to maintain a straight 
course. 

For precision navigation, such a procedure is clearly out of 
the question. Notice in figure 17-1 that the course changes 60° 
between A and B, and much nearer the pole, between C and D, it 
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Figure 17-2. USAF Grid Overlay. 
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Figure 17-3. True Direction 
of Great Circle Course 
Changes. 


Figure 17-4. Grid Direction 
of Great Circle Course js 
Constant. 
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changes 120°. To cope with the problem of converging meridi- 
ans, we will use the USAF Grid Overlay. 








GRID CHART PROJECTIONS 


_ The three polar projections most commonly used in polar 
areas for grid navigation are the transverse Mercator, the polar 
stereographic, and the polar gnomonic. The transverse Mercator 
and polar stereographic projections are used in flight; the polar 
gnomonic is used only for planning. The Lambert conformal 
projection is the one most commonly used for grid flight in 
subpolar areas. The division between polar and subpolar projec- 
tions varies among the aeronautical chart series. For example, 
the division is at 70° of latitude for the JN series, at 80° of 





latitude for the ONC and PC series, and at 84° of latitude for the . 


1510 AIR series. 
USAF GRID OVERLAY 


The graticule of the USAF grid overlay eliminates the prob- 
lem of converging meridians (figure 17-2). It is a square grid 
and, though its meridians are aligned with grid north (GN) along 
the Greenwich meridian, they do not converge at grid north. 





Figure 17-5. Orientation of Grid North. 
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Figure 17-6. Grid North/True North Relationship on 
Typical Polar Projection. 


While the USAF grid overlay can be superimposed on any 
projection, it is most commonly used with the polar stereograph- 
ic (for flights in polar areas) and the Lambert conformal (for 
flights in subpolar areas). This is because a straight line on these 
projections approximates a great circle. In figures 17-3 and 
17-4, you can see that, as the great circle course crosses the true 
meridians, its true direction changes but its grid direction re- 
mains constant. 3 

All grid meridians are parallel to the Greenwich meridian, 
and true north along the Greenwich meridian is the direction of 
grid north over the entire chart as shown in figure 17-5. 


Relationship of Grid North to True North 


Because grid meridians are parallel to the Greenwich meridi- 
an, the angle between grid north and true north is governed by 
the navigator’s longitude and the convergence factor of the 
chart. 

Convergence Factors of 1.0. Figure 17-6 shows that charts 
having convergence factors of 1.0 display the grid north (GN) to 
true north (TN) relationship as a direct function of longitude. In 
the Northern Hemisphere at 30°W, grid north is 30° west of true 
north; at 60°W, GN is 60° west of TN. Similarly, at 130°E 
longitude, GN is 130° east of TN. 

In the Southern Hemisphere, the direction of GN with respect 
to TN is exactly opposite. 

Figure 17-7 illustrates the geometric relationship between 
grid north and the convergence of true meridians. 

Convergence Factors of Less than 1.0. Figure 17-8 shows a 
chart with a convergence factor of less than 1.0, with a USAF 
grid overlay superimposed on it. The relationship between GN 
and TN on this chart is determined in the same manner as on 
charts with a convergence factor of 1.0. On charts with a 
convergence factor of less than 1-0, the value of the converg- 
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Figure 17-8. Grid Overlay Superimposed on Lambert Conformal (Convergence Factor 0 
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- ence angle at a given longitude is always smaller than the value 
. of longitude, and is equal to the convergence factor times the 
navigator’s longitude. 


- Relationship of Grid Direction to True Direction 


The navigator uses the following formulas to determine grid 
. direction. 


In the Northern Hemisphere: 
Grid direction = true direction + west longitude x conver- 
_ gence factor 


Grid direction = true direction — east longitude < conver- 
* gence factor 

In the Southern Hemisphere: 

Grid direction = true direction — west longitude x conver- 
gence factor 
_ Grid direction = true direction + east longitude < conver- 
gence factor 


_ Polar Angle 


Polar angle can be used to relate true direction to grid direc- 














tion. Polar angle is measured clockwise through 360° from GN 
_ to TN as illustrated in figure 17-9. It is simple to convert from 


_ one directional reference to the other by use of the formula: 





Grid direction = true direction + polar angle. 
To determine polar angle from convergence angle, apply the 
following formulas illustrated in figure 17-10. 

In the Northwest and Southeast Quadrants: 

Polar angle = convergence angle. 

In the Northeast and Southwest Quadrants: 

Polar angle = 360° — convergence angle. 


_ Chart Transition 


Since the relationship of the true meridians and the grid 
overlay on subpolar charts differs from that on polar charts 
because of different convergence factors, the overlays do not 
match when a transition is made from one chart to the other. 
Therefore, the grid course (GC) of a route on a subpolar chart 
will be different than the GC of the same route on a polar chart. 

The chart transition problem is best solved during flight 
planning. 

1. Select a transition point common to both charts. 

2. Measure the subpolar GC and the polar GC. 

3. Compute the difference between the GCs obtained in step 
2. This is the amount the compass pointer must be changed at the 
transition point. 

4. If the GC on the first chart is smaller than the GC on the 
second chart, add the GC difference to the compass pointer 
reading and reposition the compass pointer; if the GC on the first 
chart is Jarger, subtract the GC difference. 

Rule: Small GC to larger GC; ADD 

Larger GC to smaller GC; SUBTRACT 

Example: 

1. Chart transition from a subpolar to a polar chart. 

2. GC on subpolar chart is 316°. 
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Figure 17-9. Polar Angle Measured Clockwise from Grid 
North to True North. 
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Figure 17-10. Polar Angle. 


AFM 51-40 15 March 1983 


° aI 
. 7 Ors. . 
7 av 4 


a= 2s Pk En ear eee a ee Oc ie an 
rh? "eo a1 py Sy ot Bn WS oad. oe’ 
. ast) {ees *. Washs Em Sar KG 
_” ne Reet EE MIO tay! : a 





freer ez 


4 
$ 





re 17-11. Crossing 180th Meridian on Sub-Polar Chart. 


GC on polar chart is 308°. Crossing 180th Meridian on Subpolar Chart 
GC difference is 8° 
_Compass pointer reading (grid heading) is 320°. When a flight crosses the 180th meridian on a subpolar grid 


_ The transition from a larger GC to a smaller GC; therefore, chart, the grid heading changes because of the convergence of 
GC difference (8°) is subtracted from the compass pointer __ grid meridians along this true meridian. When a navigator using 
ing (320°). The compass pointer is then repositioned to the a subpolar chart crosses the 180th meridian on an easterly 
grid heading (312°). heading (A to B in figure 17-11), the apical angle must be 
subtracted from the grid heading. Conversely, the apical angle 

must be added to the grid heading when on a westerly heading (B 


CAUTION to A in figure 17-11). The apical angle can be measured on the 

chart at the 180th meridian between the converging GN refer- 

Do not alter the aircraft’s heading; instead, reposition the ences. The angle can also usually be found on the chart border. 
ympass pointer to the new grid heading. The angle also can be computed by use of the following formula: 





e 17-12. Grivation. 
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Apical angle = 360° — (360° x convergence factor). 
Example: 

Given: Chart convergence factor = .785 

Find: Apical angle 


Apical angle = 360° — (360° x 0.785) 
= 360° — 283° 
= 77° 
CAUTION 


Do not alter the aircraft’s heading when crossing the 
180th meridian; instead, simply reposition the directional 
gyro compass pointer to the new grid heading. 


Grivation 


The difference between the directions of the magnetic lines of 
force and grid north is called grivation (GV). Grivation is 
similar to variation and used to convert magnetic heading to grid 
heading and vice versa. Figure 17-12 shows the relationship 
between GN, TN, and MN. Lines of equal grivation (isogrivs) 
are plotted on grid charts. 

The formulas for computing grivation are: 

Grivation = (— W conv angle) + 


+W 
variation 
=E 
Grivation = (+E conv angle) + 
+W 
variation 
—E 


In the Southern Hemisphere, reverse the signs of west and 
east convergence angles in the formula above. If grivation is 
positive, it is W grivation; if grivation is negative, it is E 
grivation. For example, if our variation is 17 degrees east and 
our convergence angle is 76 degrees west, using the formula: 

Grivation = (— West conv angle) + (— East variation) 

Grivation = (— 76) + (-—17) = -—93 

Grivation = 93° East 

To compute magnetic heading from grid heading, use the 
formula: 


Magnetic heading = Grid heading + W grivation 
GYRO PRECESSION 


To eliminate the difficulties imposed by magnetic compass 
unreliability in polar areas, the navigator disregards the magnet- 
ic compass in favor of a free-running gyro. Gyro steering is used 
because it is stable and independent of magnetic influence. 

When used as a steering instrument, the gyro is restricted so 
its spin axis always remains horizontal to the surface of the Earth 
and is free to turn only in this horizontal plane. Any movement 
of a gyro spin axis from its initial horizontal alignment is called 
precession. The types of precession are: 

1. Real precession. 
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Figure 17-13. Real Precession. 


2. Apparent precession, which includes: 
a. Earth rate precession. 
b. Transport precession. 
c. Grid transport precession. 
Total precession is the cumulative effect of real and apparent 
precession. 


Real Precession 


Real precession, illustrated in figure 17-13, is the actual 
movement of a gyro spin axis from its initial alignment in space. 
It is caused by such imperfections as: 

1. Power fluctuation. 

2. Imbalance of the gyro. 

3. Friction in gyro gimble bearings. 

4. Acceleration forces. 

As a result of the improved quality of equipment now being 
used, real precession or gyro drift is considered to be negligible. 
Some compass systems have a real precession rate of less than 1° 
per hour. Electrical or mechanical forces are intentionally ap- 
plied by erection or compensation devices to align the gyro spin 
axis in relation to the Earth’s surface. In this manner, the effects 
of gyro drift and apparent precession are eliminated and the gyro 
can then be used as a reliable reference. 


Apparent Precession 


The spin axis of a gyro remains aligned with a fixed point in 
space, while the navigator’s plane of reference changes, making 
it appear that the spin axis has moved. Apparent precession 1s 
this apparent movement of the gyro spin axis from its initial 
alignment. 

Earth Rate Precession. Earth rate precession is caused by the 
rotation of the Earth while the spin axis of the gyro remains 
aligned with a fixed point in space. 

Earth rate precession is divided into two components. The 
tendency of the spin axis to tilt up or down from the horizontal 
plane of the observer is called the vertical component. The 
tendency of the spin axis to drift around laterally; that is, to 
change in azimuth, is called the horizontal component. 

Generally, when Earth rate is mentioned, it is the horizontal 
component which is referred to, since the vertical component is 
of little concern to the navigator. 
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Gyro at Equator with spin axis 
parallel with 0° Meridian. 
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After 6 hours spin axis % oe f 
is 90° to 0° Meridian. © oa 
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Figure 17-14. Initial Location of Gyro Affects Earth Rate Precession. 


A gyro, located at the North Pole with its spin axis initially 
aligned with a meridian, appears to turn 15.04° per hour in the 
horizontal plane, because the Earth turns 15.04° per hour. As 
shown in figure 17-14A, the apparent relationship between the 
Greenwich meridian and the gyro spin axis will change by 90° in 
5 hours, though the spin axis is still oriented to the same point in 
space. Thus, apparent precession at the pole equals the rate of 
Earth rotation. 

At the equator, as shown in figure 17-14B, no Earth rate 
orecession occurs in the horizontal plane if the gyro spin axis is 
still aligned with a meridian and is parallel to the Earth’s spin 
AXIS. 

When the gyro spin axis 1s turned perpendicular to the meridi- 


an, as illustrated in figure 17-15, maximum Earth rate precession 
occurs in the vertical component. But the directional gyro does 
not precess vertically because of the internal restriction of the 
gyro movement in any but the horizontal plane. Thus, for 
practical purposes, Earth rate precession is only that precession 
which occurs in the horizontal plane. Figure 17-15 illustrates 
Earth rate precession at the equator for 6 hours of time. 

Earth rate precession varies between 15.04°/hr at the poles 
and 0°/hr at the equator. It is computed for any latitude by 
multiplying 15.04° times the sine of the latitude. 

For example, at 30° N, the sine of latitude is 0.5. The 
horizontal component of Earth rate is, therefore, 15°/hour right 
x —0.5 or 7'4°/hour right at 30°N as shown in figure 17-16. 
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the Earth. 


ure\i7-15. Direction of Spin Axis Affects Earth Rate Precession. 


Obviously, if the gyro is precessing relative to the steering 
umo ‘grid or true north, an aircraft steered by the gyro will be 
off heading steadily at the same rate. To compensate for this 
ecession, an artificial real precession is induced in the gyro to 
bunteract the Earth rate. At 30° north latitude, Earth rate 
recession is equal to 15° X sin lat (.5) = 15 Xx .5 or 7.5° per 
hour to the right. 

Hence, if at 30° north latitude a real precession of 7.5° left per 
bur is induced in the gyro, it will exactly balance and offset 


Earth rate effect. In ordinary gyros, a weight is used to produce 
this effect but, since it is fixed, the correction is good for only 
one latitude. The latitude chosen is normally the mean latitude 
of the area in which the aircraft will operate. Gyros, such as that 
of the N-!| compass system, have a latitude setting knob which 
the navigator may use to adjust for the Earth rate corrections. 

Earth Transport Precession (Horizontal Plane). This form of 
apparent precession results from transporting a gyro from one 
point on the Earth’s surface to another. The gyro spin axis 


15.04° PER HOUR 
MAXIMUM PRECESSION 
¢ > AT POLE 
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PRECESSION AT 





O° PRECESSION 
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Initially each gyro 
has its Spin Axis parallel with 1600 HRS 
the same Meridian at 1200 HRS. 


Figure 17-16. Earth Rate Precession Varies According to Latitude. 
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Figure 17-17. Earth Transport Precession. 


appears to move because the aircraft, flying over the curved 
surface of the Earth, changes its attitude in relation to the gyro’s 
fixed point in space (figure 17-17). 

Earth transport precession causes the gyro spin axis to move 
approximately 1 degree in the horizontal plane for each true 
meridian crossed. This effect is avoided by using grid north as 
the steering reference. 

Grid Transport Precession. Grid transport precession exists 
because meridian convergence is not precisely portrayed on 
charts. The navigator wants to maintain a straight-line track, but 
the gyro follows a great circle track which 1s a curved line on a 
chart. The rate at which the great circle track curves away from a 
straight-line track is grid transport precession. This is propor- 
tional to the difference between convergence of the meridians as 
they appear on the Earth and as they appear on the chart, and the 
rate at which the aircraft crosses these meridians. 


Summary (Types of Precession) 


Real precession is caused by friction in the gyro gimbal 
bearings and dynamic unbalance. It is an unpredictable quantity 
and can only be measured by means of heading checks. 

Earth rate precession is caused by the rotation of the Earth. It 
can be computed in degrees per hour with the formula: 15.04 x 
sine latitude (for practical purposes 15°/hr is used). It is to the 
right in the Northern Hemisphere; to the left in the Southern 
Hemisphere. All gyros are corrected to some degree for this 
precession, many by means of a latitude setting knob. 

Earth transport precession (horizontal plane) is an effect 
caused by using true north as a steering reference. It can be 
computed by using the formula (change longitude/hr x sine 
mid-latitude). The direction of the precession is a function of the 
true course of the aircraft. If the course is 0° - 180°, precession is 
to the right; if the course is 180° - 360°, precession is to the left. 
This precession effect is avoided by using grid north as a 
steering reference. 

Grid transport precession is caused by the fact that the great 
circles are not portrayed as straight lines on plotting charts. The 
navigator tries to fly the straight pencil-line course, the gyro a 
great circle course. The formula for grid transport precession is 
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change longitude/hr (sin lat-n), where the y is the map conver- 
gence factor. The direction of this precession is a function of the 
chart used, the latitude, and the true course. Direct substitution 


answer must be reversed. 


GYRO STEERING 


course. 

The primary steering gyro in most aircraft provides direction- 
al data to the autopilot and maintains the aircraft on a pre 
heading. When the aircraft alters heading, it turns about th 
primary gyro while the gyro spin axis remains fixed in azimuth. 
If the primary gyro precesses, it causes the aircraft to change its 
heading by an amount equal to the precession. 


THE GYRO LOG 


The gyro log is a record of the precession occurring in the 
gyro, the primary steering instrument that is being used to direct. 
the aircraft. 

At the beginning of a grid navigation leg, the navigator tums 
the aircraft to the departure magnetic heading (MH). The depar- 
ture MH is computed by applying the grivation at departure to 
the grid heading (grid course + drift) at departure. As soon as 
possible after departure, a celestial heading check is obtained to 
determine the aircraft’s actual grid heading (GH). The heading 
is then set into the aircraft’s gyro compass. In our example, 
figure 17-18, the GH is 244. The gyro is set to 244, and the gyro 
reading (GR) is also 244. For the heading shot, the navigator 
records the time of the observation (1655) in block | and the 
celestial heading (244) in blocks 2 and 3. Block 4 and 5 are zero 
because there is no information to predict the precession and, 
therefore, it is assumed to be zero. 

At 1700, the navigator obtains an initial grid fix, with the 
appropriate information in the navigator’s log. Refer to figure 
17-19. For the alter heading (A/H) after the fix, the precession 
correction for the time of the next leg (1/2 PREC CORR) is 
assumed to be zero, and the initial grid heading (A GY H on log) 


GYRO STEERING DATA SHEET 
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Figure 17-19. Mission In-flight Log. 


is 246. The aircraft should be turned to this heading as soon as 
practicable. 

The navigator should establish a pacing plan for obtaining 
heading shots, rating the gyro, and fixing. the gyro log and 
navigator’s log illustrated were completed while maintaining 
40-minute pacing. 

At 1740, another heading shot determines a grid heading of 
250, but the gyro reading indicates 246. The gyro is immediate- 
lyr reset to 250. In block 2, the navigator records the grid heading 
and in block 3, the gyro reading. The navigator now computes 
the gyro precession (GP), by use of the formula: 

GP (block 4) = GH — GR : 

250 — 246 = 4° precession for the gyro. 

Because this precession occurred over a 40-minute period, the 
hourly precession rate is 6° per hour. 

When gyro precession is plus, precession is to the right; when 
it is minus, precession is to the left. To compute the average 
heading flown for this period of time, the following formula 
may be used: 

Average heading = 246 + (1/2 = + 4°) = 246 + 2° = 

248. 
Average gyro heading + 1/2 precession. A fix is taken at 1740 
and a new grid course is obtained from this position. The new 
grid course is 242 and, correcting for drift, the grid heading 
becomes 247. The precession for the next time period can be 
forecasted and compensated for. For normal 40-minute pacing, 
the gyro would precess 4° and, if initial heading were 247, at the 
end of 40 minutes, the grid heading would be 4° greater or 251, 
and the average heading would be 249°. In order to fly an 
average heading of 247, the GH must be decreased by 2 degrees 
or — 1/2 the precession for the next time period. For the actual 
navigator log, a scheduled alter heading is planned for 1800, so 
that the time period is 20 minutes. The expected precession for 
the 20 minute period is + 2, and — 1/2 precession for the next 
period becomes: 

— 1/2 precession = — 1/2 xX (+2°) = - 
gyro heading = 247 — 1 = 246. 

Precession must be accounted for in the heading outbound 
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from 1800 alter heading. The average grid heading on the next 
leg is 214. The 40-minute fixing schedule will be continued and 
the next fix will be at 1820. We must correct for 20 minutes of 
precession. The precession correction for this leg = — 1/2 x 
2° = — 1 and the outbound heading would be 214 — 1 = 213. 
However, the gyro has also precessed since the reset at 1740 and 
this precession must not be overlooked. For the 20-minute time 
period from 1740 to 1800, the gyro has precessed at 6° right per 
hour, + 2°, and the actual grid heading is 2° larger than the gyro 
reading. If a turn is made to a gyro reading of 213 at 1800, the 
actual grid reading would be 215. In order to fly an average 
heading of 214, the outbound heading must be decreased by a 
total of 3° or turn to a gyro reading of 211 at 1800. 

At 1820, the navigator obtains a fix and heading check, and 
resets the gyro. The new precession rate is 4 1/2° right preces- 
sion per hour. The next time period is again 40 minutes, so that 
— 1/2 precession correction for this leg = — 1/2 x 3° = -1 
1/2° which is applied to the grid heading of 217 to give an 
outbound heading of 215 1/2, and the aircraft should be turned to 
this heading as soon as possible. 

After the navigator has taken the final grid fix, the gyro 
compass can be set and slaved to the magnetic heading. 


FALSE LATITUDE 


A second method of compensating for precession while in 
flight involves the use of false latitude inputs into the gyro 
compass. Most gyro compasses have a latitude control which 
allows the navigator to compensate for Earth rate precession 
(ERP). Normally, the latitude control is set to the actual latitude 
of the aircraft. However, other values may be set. For example, 
if the aircraft is at 30° north and the latitude control knob is set to 
70° north, the gyro will overcorrect for ERP. Since ERP is night 
in the Northern Hemisphere, the correction will be to the left. 
Thus, setting a higher than actual latitude will correct for right 
precession over and above that for ERP. 

Since ERP = 15°%/hr xX sine latitude, a table such as figure 
17-20 can be developed to use this procedure. 
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FALSE LATITUDE CORRECTION TABLE 
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Figure 17-20. False Latitude Correction Table. 


SUMMARY 


The USAF grid overlay and the free-running gyro are used to 
overcome the difficulties of converging meridians and.the unre- 
liability of the magnetic compass when navigating in high (po- 
lar) latitudes. When gyro steering is used, the navigator main- 
tains a gyro log and records the precession of both the primary 
and secondary gyros. The gyro log provides the navigator with 
the information necessary to predict values when it is impossible 
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(FOR FALSE LATITUDE TABLE) 
ENTER WITH DESIRED LATITUDE 
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EXAMPLES 


NORMAL LATITUDE SETTING ‘ 
65 NORTH: PRECESSION+3 DEGREES 

PER HOUR. FALSE LATITUDE SETTING 

=90 DEGREES NORTH. 


NORMAL LATITUDE SETTING W°NORTH: 


re 
PRECESSION-4 DEGREES PER HOUR. ie 
FALSE LATITUDE SETTING=5 DEGREES - 
SOUTH. | > 


tee 


to obtain heading checks because of overcast conditions or 
twilight. By maintaining a log on the secondary gyro, the 
navigator can change gyros in case of malfunction of the prim“ 
ary gyro. He or she uses the information recorded in the gyro log 
in conjunction with the navigator’s log to plot position an 

compute winds, headings, alterations, and ETAs. The navigator 
must execute the proper correlation between the navigator’s log 
and the gyro log to accomplish grid navigation successfully. 
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Chapter 18 


This chapter deals with navigation using pressure differential 
techniques and navigation using LORAN and Consol. 


PRESSURE DIFFERENTIAL TECHNIQUES 


Pressure differential flying is based on a mathematically 
derived formula. The formula predicts wind flow based on the 
fact that air moves from a high pressure system to a low pressure 
system. This predicted wind flow, the geostrophic wind, is the 
basis for pressure navigation. The formula for the geostrophic 
wind (modified for a constant pressure surface) combined with 
in-flight information makes available two aids to navigation: 
Bellamy drift and the pressure line of position (PLOP). 

Both are obtained by substituting specific in-flight informa- 
tion into the basic formula. Bellamy drift gives information 
about aircraft track by supplying net drift over a past period. 
Using the same basic information, the PLOP provides a line of 
position that is as valid and is used as any other type of LOP. 


Constant Pressure Surface 








To understand pressure differential navigation, one should be 
aware of some basics about the constant pressure surface. The 
constant pressure surface is one on which the pressure is the 
same everywhere, even though its height above sea level will 
vary from point to point as shown in figure 18-1. Therefore, a 
constant reading will be indicated on the pressure altimeter. A 
constant pressure surface is shown on a constant pressure chart 
(CPC) as lines which connect points of equal height above sea 
level. These lines are referred to as contours (figure 18-2) and 
have the same significance as contour lines on maps of land 
areas. The intersections of mean sea level with constant pressure 





Figure 18-2. Contours. 


OVERWATER AIDS 


surfaces forms isobars. A comparison of isobars and contours is 
shown in figure 18-3. The geostrophic wind will blow along and 
parallel to the contours of a constant pressure chart just as if 
blows along and parallel to the isobars of a constant level chart. 


5000’ 
spot gal RN ae ae “ 
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ure 18-3. Comparison of Isobars and Contours. 


ostrophic Wind 


‘he shape and configuration of the constant pressure surface 
srmines the velocity and direction of the geostrophic wind. 
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An aircraft flying with a constant altimeter setting on the pres- 
sure altimeter will automatically follow the configuration of the 
constant pressure surface and, in so doing, will change its true 
height as the contours change (figure 18-4). The slope of the 


+ PRESSURE 
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ire 18-4, Changing Contours of Constant Pressure Surface. 
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Figure 18-5. Pressure Gradient. 


pressure surface, also known as the pressure gradient, is the 
difference in pressure per unit of distance as shown in figure 
18-5. 

The pressure gradient force or slope of the pressure surface 
and Coriolis combine to produce the geostrophic wind. One 
assumption made about the geostrophic wind is that the contours 
are relatively straight and parallel. The speed of the geostrophic 
wind is proportional to the spacing of the contours or isobars. 
Closely spaced contours form a steep slope (higher gradient) 
and produce a stronger wind. Conversely, widely spaced con- 
tours or isobars produce relatively weak winds. 

Figure 18-6 is a simple illustration of the manner in which the 
geostrophic wind is produced. A parcel of air at point A is being 
propelled (as nature says it would) from the higher pressure 
towards the lower pressure by the pressure gradient force 
(PGF). Because the parcel of air is in motion, Coriolis force 
(CF) comes into play. The resultant of these two forces is wind 
(W). At point D, where PGF and CF are equal, the wind is 
blowing parallel to the contours and is a portion of the geos- 
trophic wind by definition. 

This wind is blowing parallel to the contours and the lower 
pressure is to the left with the higher pressure to the right. 


18 


Buys-Ballot’s Law states that in the Northern Hemisphere, wit 
one’s back to the wind, lower pressure is to the left as shown | 
figure 18-7. The opposite is true in the Southern Hemisphe: 
where Coriolis deflection is to the left. Further observation « 
figure 18-7 will show that, as you enter a low or a high systen 
your drift will be right or left, respectively. The opposite is tn 
as you exit the systems. 

If the geostrophic wind is to be an accurate approximation « 
the actual wind, certain factors must be considered. It is esse 
tial that contours be relatively straight and parallel (otherwi: 
centrifugal force becomes a factor and this is not accounted ft 
in the geostrophic wind formula). Because the geostrophic wir 
is based on a constant pressure surface, flying a constant pres 


ure altitude cannot be overemphasized. A minimum of 2 to 


thousand feet above the surface will usually eliminate distortic 
introduced through surface friction. In the area of the equat 
(20° N to 20° S), Coriolis force approaches zero, thereby inval 
dating the geostrophic wind as a factor in navigation; but pres 
ure differential navigation is reliable in midlatitudes. 


Pressure Computations and Plotting 


In determining a PLOP or Bellamy drift by pressure differe1 
tial techniques, the navigator makes use of the crosswind con 
ponent of the geostrophic wind over a given period of time. Tt 
determination of the crosswind component of the geostroph 
wind requires specific data for use in the geostrophic wir 
formula or ZN equation. 

ZN —K (D2 — D,) 

ETAS 

This formula, when solved, will give the direction and cros 
wind displacement effect—the ZN of the pressure syste: 
through which the aircraft has flown. To solve the equation ar 
obtain the resultant ZN, the navigator must understand how | 
obtain and apply such special factors as *‘D’’ soundings, effe: 
tive TAS (ETAS), effective air path (EAP), effective air distanc 
(EAD) and ‘‘K’’ values. 





Figure 18-6. Geostrophic Wind. 


ure 18-7. Buys-Ballot’s Law. 


“ Soundings 


[he symbol ‘*D’’ stands for the difference between the true 
tude of the aircraft and the pressure altitude of the aircraft. 
ere are two methods for obtaining D values. The first in- 
ves the use of an absolute altimeter to measure true altitude 
overwater flights and the pressure altimeter to measure 
Ssure altitude. The second method would be used if the 
olute altimeter became unuseable and involves using outside 
temperature (OAT) readings to determine equivalent D 
ues. 
“or both methods, the D value is expressed in feet as a plus or 
nus value. To determine the correct D sounding using the 
meter method, assign a plus (+) to true altitude, a minus 
) to pressure altitude, and algebraically add the two. The 
rect sign can be applied by remembering the key word 
MPA (true altitude minus pressure altitude). 
The first D sounding is obtained in conjunction with the fix 
en the pressure differential navigation leg is started. It is 
led D,. The second D sounding, Dz, is obtained in conjunc- 
n with fix for which the PLOP will be used. It is important to 
nember to use the same time interval between D soundings 
1 the time of each fix. The value, Dz — Dy, is an expression 
the slope (pressure gradient) experienced by the aircraft. By 
ebraically subtracting D, from D3, the navigator determines 
change in aircraft true altitude between D, and D2. When 
s altitude change is compared with the distance flown, the 
ulting value becomes an expression of the slope. A large 
ue of D, — D, indicates whether the aircraft has been flying 
slope (+) or downslope (-— ). 


The D sounding for the next position is called D3; the slope 
yerienced between D, and D3 is expressed as D3 — Dp. For 
secutive positions, it becomes D, — D3, Ds — Da, etc. 
wever, if D2 is considered unreliable, D3 could be compared 
th D). 

To obtain an accurate D sounding, it is advisable to take 
veral readings, obtain the D value fer each reading, and arrive 
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at a D sounding for the midtime of the readings. This method 
readily identifies discrepancies in reading. In addition, when 
any D sounding varies by 40 feet or more from the average of the 
other soundings, discard it and use the average of the remaining 
D soundings. It is important to take readings carefully. An 
erroneous reading of either altimeter will produce an incorrect D 
sounding and consequently an inaccurate LOP. A gentle tapping 
of the pressure altimeter before reading it will reduce hysteresis 
error. 

The aircraft should maintain a constant pressure altitude to 
insure consistent D soundings. If it becomes necessary to 
change altitude en route, start with a new D at the new altitude, 
or correct the previous reading to the new altitude by use of a 
pastagram. With the aid of the pastagram, pressure differential 
may be continued accurately even though conditions necessitate 
en route changes of altitude. The pastagram is designed to use 
average altitude and average temperature change information to 
determine a correction to be applied to the D sounding taken 
prior to the altitude change. Figure 18-8 contains an example of 
a pastagram, along with instructions for its use and a sample 
problem. 

Another possible difficulty is the loss of the absolute altim- 
eter. Should this occur, it is still possible to utilize pressure 
navigation by using the temperature gau;e. The D values for 
this method are based on a plateau of sea level, thereby eliminat- 
ing any relationship to terrain elevation and true altitude. Thus, 
the temperature method is equally valid over land or terrain of 
changing or unknown elevation. These D values are still based 
on the formula ‘‘true altitude minus pressure altitude.’’ Altitude 
should remain fairly constant between periods of D value com- 
putation. If a change of altitude is necessary, a new D value 
should be obtained at the level-off point to restart the problem (a 
new D,). 

An example of a table used for the temperature method is 
found in figure 18-9. TAS should remain fairly constant 
throughout the problem, especially at the times of the two 
readings. Entering arguments to obtain a D value are OAT gauge 
readings and the pressure altimeter reading. Once the D value is 
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“S$” FACTOR—FEET 


7. Use adjusted “D” reading in normal way in connection 


PASTAGRAM. With the aid of the pastagram, pressure 


differential may be continued accurately, even though with next reading. 


conditions necessitate en route changes of altitude. 


+1,000 feet 
TAT= -44°C average 


EXAMPLE: D, 


+2,000 feet 
(that is, 24,000 to 26,000 feet) 


Do= +1,250 feet 
a. Enter PASTAGRAM at 25,000 feet and go horizon- 


tally to SAT (-44°), then proceed vertically to obtain “S” 


factor (-40 feet). 


PA = 25,000 feet average 


Altitude change 


Directions: 


1. After level off, average the PA and SAT of the climb (or 


descent). 


2. Enter PASTAGRAM with average PA. 


b. Multiply times altitude change in thousands (-40 x 2 = 


--80). 


3. Proceed horizontally to average SAT. 


c. Algebraically add to D, (+1,000 + (-80) = +920), 


d. Dy - D, = +1,250 - (+920) 


4. Proceed vertically to find “S” factor. 


+330. 


5. Multiply “S” factor by number of thousands of feet of 


PA change. 


e. Apply value to “D” reading taken prior to the altitude 
change to be ready for the next pressure readings after 


level off, at new altitude. 


6. Apply result to “D” reading prior to altitude change. 


Figure 18-8. Pastagram. 


== PRESSURE PATTERN BY TEMPERATURE CHANGE 


Should the Radar/Radio altimeter become unusable it is 
sible to utilize pressure pattern as an additional aid to 
vigation by using the temperature gauge. “D” values are 
sed on a plateau of sea level; thus eliminating all 
ationship to terrain elevation. The temperature is equally 
id over land or terrain of changing or unknown 
vation. “D” values are based on the formula “true 
tude minus pressure altitude.” 


Altitude should remain fairly constant between periods 
“D” value computation. If a change of altitude is desired, 
»D2 minus D, should be computed prior to the altitude 
inge and a new “D” value computed at the level-off 
int to restart the problem (D,). Entering arguments to 
termine the “D” value are OAT gauge reading and 
sssure altimeter reading. The formula D2 minus D, is used 
obtain “difference” in “D’” reading for two periods of 
e. 


The tables are designed for a TAS of 450 knots but will 
rk fairly accurate within +50 knots. TAS must remain 
istant throughout the problem, especially at the times of 
» two readings. SAC Form 120, Pressure Pattern 
vigation Worksheet, can be used to record temperature 
d pressure readings. 
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EXAMPLE: 


Assume the altimeter read 30,100 feet and oe : 
degrees. Entering the table under OAT -30 and ¢ an: val i 


read 100 feet higher than 3Q000 feet, apply i sin 
24 feet, which is decreasing with a deere 


the table obtain a “D” value of -1193 which become i oe 
Algebraically subtracting D2 minus Dy or -1193 -(-904); 
obtain a D> minus D, of -289 feet. Eompue the ZN in the 
normal manner. 


NOTE: 


Pressure Pattern Tables are based on standard day 
conditions. The navigator must exercise analytical judgment 
in resolving positions from PLOPS to preclude weighing 
erratic results from extreme pressure conditions. 


PRECOMPUTED D VALUES FOR PRESSURE PATTERN NAVIGATION 


ALTIMETER READING 


GAUGE | 
OAT 26007 * 27000° Ss‘ * 28000° —s * 29000 * 30007 * | 
-29 -1522 15 -1371 17 -1198 20 -1001 21 -795 24 | 
-30 -1632 15 -1487 17 -1319 19 -1128 20 -928 24 
-31 -174) 14 -1602 16 -1440 19 -1235 20 -1060 23 | 
-32 -1851 13 -1717 16 -1561 18 -1382 19 -1193 23 
-33 -1960 13 -1832 15 -1682 17 -1508 18 -1325 22 | 


ire 18-9, Pressure Pattern by Temperature Change. 


* CHANGE PER 100 FEET 
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Figure 18-11. Typical Pressure Pattern Worksheet/K 


Factors Table. 
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18 


obtained, the problem is solved in the normal manner using th 
ZN equation. 


Effective True Airspeed 


In determining a pressure line of position, the navigator mu: 
compute the effective true airspeed from the last D sounding 
The ETAS is the true airspeed that the aircraft would have had t 
make good, had it flown straight from D, to Dy». See figur 
18-10. If the aircraft has maintained a constant true headin 
between D soundings, the effective true airspeed equals th 
average true airspeed. But, if the aircraft has altered heading on 
or more times between the D soundings, the effective tru 
airspeed is derived by drawing a straight line from the fix at th 
first D sounding to the final air position. This line is called th 
effective air path. Effective true airspeed is computed b 
measuring the effective air distance and dividing it by th 
elapsed time (in hours). In figure 18-10, an aircraft flew at 40 
knots TAS from the 0820 fix to the 1020 air position via a dogle 
route. The effective air distance is 516 nautical miles; cons¢ 
quently, the effective true airspeed is 258 knots. In the illustre 
tion, the navigator considered the D2 sounding unreliable an 
correctly compared D3 with the D, sounding. 


K Factor 


The constant (K) has been determined by taking into accour 
the values of the Coriolis constant and the gravity constant fc 
particular latitudes. K equals 21.49 ; wher 

sin midlatitude 
midlatitude is the average latitude between D, and D>. 

It is put in tabular form for the convenience of the navigator a 
shown in figure 18-11. In the table, this constant is plotte 
against latitude since Coriolis force varies with latitude. In usin 
the ZN formula, the table is entered with midlatitude and th 
corresponding K is extracted. On new DR computers, a sut 
scale of latitude has been constructed opposite the values for } 
factors on the minutes scale. 

Slope is properly expressed by vertical and horizontal dis 
placement in the same units; however, the navigator expresse 
horizonal displacement in nautical miles and vertical displace 
ment in feet. The K factor has been adjusted by a factor so that 
with slope expressed in feet and distance in nautical miles, th 


K Factors 20° and Below 











LAT K_ 
20° 63 
19° 66 
18° 69.5 
17° 73.5 
16° 78 
15° 83 


14° 89 





Figure 18-12. K Factors Table Below 20°. 
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Figure 18-13. Z, Displacement in Northern Hemisphere. 


geostrophic wind speed is computed in knots. Thus, the K factor Crosswind Displacement (ZN) 
cannot be used with statute miles to solve for the geostrophic 
wind in statute miles per hour. For training purposes only, the K ZN is a displacement value derived from soundings at two air 
factors for 20° N or S to 14° N or S are listed in figure 18-12. _ positions. It is the displacement from the straight line air path 
between the soundings. Therefore, a PLOP must be drawn 
parallel to the effective air path. 

With all the necessary values available, the ZN formula can 
be rearranged for convenient solution on the DR computer as 
follows: 


ZN = D2 — Di 
ETAS 





Printed instructions on the face of newer computers specify 
that to compute crosswind component, set air miles flown 
(effective air distance) on the minutes scale opposite D, — Di 








arr <N x ss JI on the miles scale. The crosswind component (V) is not to be 
D.= +620 ] confused with crosswind displacement (ZN). The crosswind 
Bera een EU component (V) is crosswind velocity in knots. This component 
eee =e (V) must then be multiplied by the elapsed time between D, and 
Se D, in order to compute the crosswind displacement (ZN). if 

effective true airspeed is substituted for air miles flown (effec- 

tive air distance) on the MB-4 computer, the ZN can be read 

Figure 18-14. Plotting the PLOP. over the K factor (or latitude on the subscale). 
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figure 18-15. Solution of Bellamy Drift Using PLOP. 


‘ " 
‘ ' : 


PRESSURE LINE OF POSITION (PLOP) 


. 


Li 


Once ZN is determined, it can be plotted to obtain a pressure 
ine of position (PLOP). 

The direction of this displacement must also be determined; 
that is, the navigator must determine whether the aircraft has 
dnfted right or left of the effective air path. Recall that wind 
circulation is clockwise around a high and counterclockwise 
around a low in the Northern Hemisphere; the opposite is true in 
the Southern Hemisphere. Thus, in the Northern Hemisphere, 
when the value of D increases (a positive D) — D,), the aircraft 
is flying into an area of higher pressure and the drift is left (see 
figure 18-13A). When the value of D decreases (a negative 
D, — D,), the aircraft is flying into an area of lower pressure 
and the drift is right (see figure 18-13B). 

Always plot the PLOP parallel to the effective air path, and 
hot necessarily parallel to the present true heading. This is 
shown in figure 18-14. Once plotted, a PLOP is used in the same 
manner that any LOP is used. It can be crossed with another 
LOP to form a fix or it can be used with a DR position to 
construct an MPP. 


BELLAMY DRIFT 


Bellamy drift is a mean drift angle calculated for a past period 
Of time. Itis named for Dr John Bellamy who first demonstrated 
that drift could be obtained from the use of pressure differential 
information. Bellamy drift is used in the same way as any other 
dnift reading. 

The primary advantage of Bellamy drift is its independence 
fom external sources. An undercast, overcast, or poor radio 
transmission will not adversely affect the drift. The accuracy of 


Bellamy drift is comparable to other drifts and depends largely 
On the skill of the navigator. 


In figure 18-15, a PLOP has been plotted from the following 
information: 

D, at a fix at 1000 hrs 

D, at an air position at 1045 hrs 


ZN = — 20 NM 

Constant TH of 090° 

Next, construct an MPP on the PLOP. This is done by swing- 
ing an arc, with a radius equal to the ground distance traveled. 
from the fix at the first D reading to intersect the PLOP. The 
ground distance traveled can be found by multiplying the bes! 
known groundspeed (groundspeed by timing, metro ground- 
speed, etc) by the time interval between readings. The mear 
track is shown by the line joining D, and the MPP. The mear 
drift is the angle between true heading and the mean track (8° 
R). Thus, the Bellamy drift is 8° nght. 


Computer Solution of Bellamy Drift 


Solving the Bellamy drift angle on the DR computer is ¢ 
relatively simple process. The center vertical line on the slide 
represents true heading. The ZN must be plotted at nght angle: 
to the true heading. This can be done by drawing the ZN vecto: 
down from the grommet and rotating the transparent face 90° 
For convenience, one of the cardinal headings is placed unde 
the true index when the ZN is drawn in to make it simple t 
rotate the face through 90°. 

It makes no difference whether the face is turned to the righ 
or left, as the sense of the dnft is not taken from the Dk 
computer. The sense is determined by the same consideration: 
governing the plotting of the PLOP (D, — D, negative, North 
ern Hemisphere, drift right). 

The slide is then positioned so that the ground distance 1 
under the end of the ZN vector and the drift angle is read at thi 
end of the ZN vector. 
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Figure 18-16. Computer Solution of Bellamy Drift. 
Example (figure 18-16) 


Given: Northern Hemisphere 
ZN — + 12.1 
Time = 0:30 
GS = 190 Knots 
Find: Ground Distance = 
Drift = 7° left 
Bellamy drift may also be determined on the slide rule side of 
the DR computer by placing the ZN over the ground distance 
and reading the Bellamy drift angle opposite 57.3. This can be 
set up in a formula as follows: 
BD = ZN 
57.3 Ground Dist NM 
The previous example would be set up as shown in figure 
18-17. The answer 7.3 can be read over 57.3 on the minutes 
scale or under the index of the DRIFT CORR window. 
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Figure 18-17. Mathematical Solution of Bellamy Drift. 
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The direction of Bellamy drift is determined in the 
that ZN direction is determined. In the Northern He 
positive D. — D, indicates the aircraft is drifting left; a1 
tive D2. — D, indicates the aircraft is drifting right. The sii 
tion is reversed in the Southern Hemisphere. i‘. 

To obtain an MPP, apply BD to true heading and plot a 
position, using best known groundspeed. 


ERRORS AND LIMITATIONS OF PRESSURE i. 
DIFFERENTIAL TECHNIQUES 


Ground Distance Error 


In plotting an MPP from a PLOP, an error in ground dis 
will cause an error in the MPP and, hence, an error in the 
track. However, an error in the MPP will not substantially aff 
the accuracy of the drift angle. 


Tactical Limitations 


Bellamy drift has one main limitation. For drift to be deter-: 
mined on each leg of a flight by the Bellamy method, the 
heading taken up by the aircraft must be maintained long enough | 
to permit a pair of soundings with a time separation of at least 20 | 
minutes. 

Some economy of effort will result if a sounding is taken 
immediately before or after a turn. This sounding may be used, — 
with negligible error, as reference for determining drifts on both 
legs. Some error will be caused by the difference between the 
height of the constant pressure surface at the sounding position 
and the height at the turning point. If not more than a minute or 
two elapses between turn and sounding, however, the ZN is 
unlikely to be in error by more than a mile (assuming crosswind 
is less than 60 knots), and the effect on drift will be correspond- 
ingly small, especially if TAS is high. 


Summary 


ZN is a displacement in nautical miles perpendicular to the 
effective air path. This means that airplot must be used and a 
known position is required at the time of D,. 

Determine the D value by computing readings from the radio 
altimeter with simultaneous readings from the pressure altim- 
eter, D = TA — PA. Use a series of comparisons to aid in 
picking out any erroneous readings. If any D value varies by 40 
feet or more from the average of the series, discard it and 
average the remaining values. Consistent errors in the altitudes 
will not affect the accuracy of the ZN, but changing the setting 
of either altimeter after the first D reading will cause inaccuracy. 

The ZN is obtained by using the equation 

on = K@2 - DD 


ETAS 
which can be arranged for convenience in using the DR comp 
er, 





ZN _ D2 — Dy 
K ETAS 





sesamiae ell 
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tare 18-18. Fix Using F PLOP and Celestial LOP. 


Determine effective true airspeed by using the effective air 
listance and time. Measure effective air distance along a 
straight line between the two points in question. After the value 
of ZN is determined, plot the PLOP parallel to the effective air 
path. In the Northern and Southern Hemispheres, the sign of the 
INis the sign of the drift correction. Once the PLOP is plotted, 
reat it like any other LOP. 

- Ifthe absolute altimeter becomes unuseable, it is still possible 
0 utilize pressure pattern as an aid to navigation by using the 
emperature gauge. With this method, temperature and pressure 
lltitude are used to find equivalent D soundings. Lastly, if a 
thange of altitude is necessary, pressure may be restarted at the 
ew altitude, or the D sounding prior to the altitude change may 
corrected by means of a pastagram. 

Though the use of the PLOP is often preferred to BD, there 
te two main uses for Bellamy drift: 

l. It is often computed to cross-check the drift that is deter- 
nined from a fix. 

2. Bellamy drift may be plotted as an LOP and then crossed 
vith an LOP from another fixing aid. Figure 18-18 shows a fix 
etermined by use of a PLOP and a celestial LOP; figure 18-19 
hows an MPP determined by Bellamy drift. 
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‘igure 18-20. LORAN Hyperbolas. 





Figure 18-19. MPP by Bellamy Drift. 


LORAN 


The name LORAN is derived from the words LOng RAnge 
Navigation, which is an appropriate description of the hyperbol- 
ic system of electronic navigation. It provides lines of position 
over the surface of the Earth. Over water, usable LORAN 
signals can be received at ranges up to 2,800 miles. 

The relatively long range of LORAN is made possible by 
employing low frequency radio waves. At these frequencies, 
radio waves are capable of following the curvature of the earth. 

LORAN lines of position can be crossed with each other, or 
with lines of position determined by any other means, to provide 
fixes. Unlike celestial lines of position (LOPs), LORAN lines 
are stationary with respect to the Earth’s surface. Their deter- 
mination is not dependent upon compass or chronometer, and it 
is not necessary to break radio silence to obtain them. It is 
possible to receive LORAN signals in all weather, except during 
very severe electrical disturbances. There are presently two 
types of LORAN in use, LORAN-C and LORAN-D. 


PRINCIPLES OF OPERATION 


Since the speed of radio waves is virtually constant and quite 
accurately known, the time needed for a signal to travel a given 
distance can be determined with considerable accuracy. Con- 
versely, the measurement of the time needed for a radio signal to 
travel between two points provides a measurement of distance 
between them. All points having the same difference in distance 
from two stationary points, called foci, lie along an open curve 
called a hyperbola. Actually, there are two curves or parts to 
each hyperbola, as shown in figure 18-20, each representing the 
same time difference, but with the distance interchanged. Thus, 
the difference in the distances (200 NM) from the two stations is 
the same at points Pl, P2, P3, and P4. 

The LORAN system consists of a series of sychronized chain 
(set) of radio transmitting stations which broadcast pulse signals 
similar to those used in radar, with a constant time interval 
between them. These transmitting stations are the foci. The 
aircraft has a combination radio receiver and time difference 
measuring device. The measurements made by this equipment 
are used for entering tables or charts to identify the hyperbola on 
which the receiver is located. (Since the Earth is not a perfect 
sphere, the hyperbolas are slightly irregular. This fact is consid- 
ered when the hyperbolas are plotted on the charts.) Some 
receivers go one step further and provide this information to a 


LORAN-C LEGEND 


(S) Slave (M) Master 
(DS) Double Slave 
(MS) Master & Slave 


Ground wave fix, 1500 feet 
accuracy contour 95% 

of the time standard 
deviation .1 microsecond. 


Skywave fix, area-gradient of line s 
: of position less than 2NM per 

microsecond with crossing 

angle greater than 15°. 


At = Sum of coding delay plus one 
way baseline time in microseconds. 


NOTE:Check NOTAMS, CHUM and 
N 


ofke to Mariners for current 
dgrational data. 


ure 18-21. Pacific Area LORAN-C Coverage. 


gation computer for instantaneous latitude and longitude 
outs. 

ORAN determines the difference in distance by measuring 
time interval in microseconds (js), between the arrival of 
‘irst signal and the arrival of the second signal from a pair of 
-hronized transmitters. One of the two transmitters consti- 
1g a pair is designated the master (M), the other the slave 
The direct line joining these two is called the base line. The 
inuations of this line beyond the transmitters are called the 
- line extensions. The perpendicular bisector of the base line 
alled the center line. 

1 some areas, a slave transmitter may be used as a slave for 
e than one master transmitter. It is then known asa double 
e transmitter. Some master transmitters also may be used as 
es for other master transmitters. These are known as master 
e transmitters. 

ORAN-C uses an arrangement with one master and two to 
‘Slave transmitters per station. Figure 18-21 shows transmit- 
‘onfigurations of LORAN-C stations in the Pacific area. 


e Line Delay 


both signals were transmitted at the same instant, they 
Id arrive together at any point along the center line. At any 
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"20° 14'49.10"N 
155°53’09.70"W 


(NOV 77) 


point nearer the master station, the master signal would arrive 
first, and at any point nearer the slave station, the slave signal 
would arrive first. Since both signals are alike, this arrangement 
would be unsatisfactory, as it would include an ambiguity which 
could be resolved only by knowing the approximate position of 
the receiver. Near the center line, reasonable doubt might exist 
as to which line to use. This ambiguity is eliminated by delaying 
transmission of the slave signal until the master signal arrives at 
the slave station. Radio waves travel at about 299,708 kilo 
meters per second. Since this is equal to 161,829 nautical miles 
per second, the distance traveled in 1 js is 0. 162 nautical miles, 
or 6.18 ys are needed for a pulse to travel 1 nautical mile. 
Hence, the length of this delay is the time needed for the signal 
to travel the length of the base line or, in microseconds, 6.18 
times the length of the base line in nautical miles. The length of 
the base line, and therefore the length of the delay, varies from 
one station pair to another. This delay is called the baseline 
delay. 


Coded Delay 


With the base line delay in use, the master station transmits 4 
signal first. This signal travels outward in all directions. When 
this expanding wave front arrives at the slave station, the slavé 


~?, 
AFM 51-40 


15 March 1983 





i e a Atanice away equal to twice the duration of the base 
: “a ay. . With this arrangement, however, the time difference 


LORAN Reception 


LORAN Receiver-Indicator. The LORAN receiver is similar 
to an ordinary radio receiver with the exception that there is no 
speaker. The output of the receiver is fed to a LORAN base 
indicator, which is an electronic device capable of measuring 
with high precision the time difference between the receptions 
of the master and slave signals. This indicator will measure the 
time difference by one of the following methods. The first 
method involves the use of a cathode-ray tube to provide a 
visual display of the incoming signals. By visually aligning 
these signals, a reading of the time difference measurement can 
be obtained. The second method is done automatically by the 
LORAN set and it provides readings of the time difference. The 
third type of system goes one step further and integrates with a 
Computer to display latitude and longitude. 

The readings obtained can be plotted on a LORAN plotting 
chart or, in the case of direct latitude/longitude readouts, can be 
plotted on any chart. 


18-13 


Factors Affecting LORAN Signals 


Distance From Each Transmitter. The distance of the master 
and slave transmitters from the aircraft is one factor which 
affects LORAN signals. It is possible to receive a ground wave 
from one transmitter and a sky wave from the other. For exam- 
ple, when the ground wave from the slave transmitter is beyond 
the range of the aircraft receiver, the first pulse in the slave pulse 
train will be a sky wave, not a ground wave. A pulse train is the 
order in which the pulses appear on the trace. 

Time of Day at Each Transmitter. Sky waves are normally 
received at night, but they are also received occasionally during 
daylight hours. It is not unusual for the first reflection of sky 
waves to occur in the late afternoon before sunset, and to 
continue into morning daylight for 3 or 4 hours. This is especial- 
ly true when the transmitter is in an area which is still dark. 

Intervening Land Masses. When a ground wave passes over 
land, its range is significantly reduced because of the attenua- 
tion properties of land. As little as 30 miles of land between the 
transmitter and the receiver can decrease ground wave range by 
as much as 150 miles. Ground waves which are normally re- 
ceived may not appear because of intervening land. 

These factors—range, time of day, and intervening land— 
should be considered when the pulses on a LORAN indicator 
are interpreted. 


Ground Waves and Sky Waves 


The path over which LORAN signals travel affects their 
range, their characteristics, and the reliability of their time 
difference readings. Radio energy which travels along the sur- 
face of the Earth is called the ground wave, and that which is 
reflected from the ionosphere is called the sky wave. The sky 
wave is named after the atmospheric layer that reflects it and the 
number of hops (bounces) it takes. See figure 18-22 for exam- 
ples of sky waves and ground waves. 





Figure 18-22. 


Both Ground Waves and Sky Waves May Be Received. 
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height of the reflecting layer, the number of hops it takes, 
the distance of the receiver from the transmitter. Becaus 
these variables, sky wave time difference readings are: 
accurate as ground wave readings. For this reason, gf 
waves should be used when available even though they ma 
considerably weaker than sky waves. When a LORAN . 
is within 250 miles of a LORAN transmitter, sky waves prod 
an unacceptable error in time. b 

When ground waves are not available, one-hop-E sky wa\ 
can be used to obtain LOPs with reasonable accuracy.25 


Uo dead 
t 








3 
i 
: 
} 
j 


the point where the time difference readings produce unusat 
LOPs. The F-layer of the ionosphere is too unstable to pro N} 
reliable time difference readings, and is not applicabié' 
LORAN-C. 


LORAN-C 
identifying Sky Waves 


Distance from the station and your position are the maj 
determinants pertaining to whether you are receiving ground’ 
sky waves. Sky waves are present both day and night. AS: 
general rule, both are present within 1 ,000 NM, with the groun 
wave strong enought to use for LORAN-C. The area bey¢ 
1,400 NM will usually be only sky waves. It is the area fron 
ae 1,000 NM to 1,400 NM which poses the largest identificatio 
i oe ee problem. In this area, the ground wave may or may not b 

available, which is why identification of the type wave is s 
m0 40 aD 08 1665 1200 : 
important. 

It is important at this point to look up the possible combina 
tions of ground and sky waves and determine the expected 
Figure 18-23. LORAN ‘‘C’’ Ground Wave-Sky Wave values for each combination. This will aid in determining which 

Correction Graph. combination is present. 
LORAN microsecond time delays printed on the charts are 
for ground waves only. Therefore, corrections for sky wave and 

A LORAN pulse which travels to the ionosphere and back ground wave reception must be applied when applicable to 
travels a greater distance than one which follows the surface of obtained readings to plot on the chart. The reason this correction 
the Earth. The additional distance it travels depends on the is necessary is because a sky wave takes longer to get from 


AVERAGE SKY WAVE TRANSMISSION 


DELAY — MICROSECONDS 


NAUTICAL MILES FROM TRANSMITTER TO AIRCRAFT 





DR POSITION 





Figure 18-24. Interpolation Using Plotter. 


ne 





‘AFM 51-40 15 March 1983 


; trasmitter to receiver because it must travel a longer distance 
, (figure 18-22). The possible combinations are GS, (ground from 
, the master, sky from slave), SG, (sky from master, ground from 
pilave, and SS (sky from both master and slave). 

. ounderstand the GS, SG, and SS correction, let’s consider a 
case with GS. The ground wave travels straight from the master 
to the receiver. The sky wave from the slave bounces off the 
ionosphere and then to the receiver, causing a longer time 
difference between the reception of the master and the slave. 
We, therefore, must subtract a correction for this situation from 
the obtained readings. This reading can be obtained using the 
graph in figure 18-23. In the case of SG, the same thing occurs 

| except that the master signal is delayed, thus the reading 
obtained is less than what it should be. We. therefore, add the 
correction value obtained in figure 18-23. SS corrections are 
much smaller than GS and SG for apparent reasons. SS correc- 
tions can be found on individual LORAN charts for each chain 
depicted. A good rule is G master S slave subtract, SG add, and 
SS see chart. The only other consideration for the table in figure 

. 18-23 is whether to use the day or night correction figure. To 

determine this, time at both the transmitter and the receiver 

should be considered. 





Static 


— soe 78a" wr eR — a 


. Static caused by a buildup of static electricity due to motion 

, through a moist atmosphere can greatly diminish the maximum 

, Tanges stated earlier. This static usually causes interference with 
the received signal, and when strong enough can completely 

, mask the LORAN signal. This masking looks very similar to 

, — fass’’ around the signal, and can effectively hide the LORAN 

_ Signal visually, and electronically. lt is commonly known as 
“precipitation static noise.’’ 


_ Plotting the LOP 


In most cases, a time difference reading does not fall exactly 
- 00a printed hyperbola of the chart. To plot the LOP, interpolate 

between two printed hyperbolas on either side of the time 
_ difference reading near the DR position. The LOP is then drawn 
parallel to the charted hyperbolas. 

Plotter Method. There are several ways to interpolate be- 
_ tween printed hyperbolas. In figure 18-24, a reading of 1825 ys 
has been obtained from station. To plot this LOP, subdivide the 
Space between the 1800 and 1900 hyperbolas into increments by 
sing the edge of a plotter and the graduations marked on it. 
Notice in figure 18-24 that, by placing the plotter diagonally 
across the 1800 and 1900 hyperbolas, the space is subdivided 
ino a convenient number of increments—in this example, 10. 
The 1825 ws LOP is then easily located. 

DR Computer Slide Method. Another way to interpolate 
between hyperbolas involves the use of the DR computer slide. 
Span the distance between the hyperbolas (in this example, 100 
Hs) with a pair of dividers. Then, place the divider points on the 
= Computer slide so that they span 10 drift lines, as shown in 
‘gure 18-25. Each drift line thus represents 10 ys. Adjust the 


dividers to measure the value being interpolated (40 ys) and, 
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with the dividers, plot this distance on the chart from the 
hyperbola of lower value towards the hyperbola of higher value. 
NOTE: The interpolated distance must be plotted on the chart at 
the same place the original distance was spanned. 

Proportional Formula Method. A proportion also can be used 
to determine the proper spacing for the interpolated LOP. Using 
the previous example, assume that the distance perpendicular to 
the LOPs from the 2700 hyperbola to the 2800 hyperbola is 62 
NM. Set the following proportion on the DR computer: 


62NM — X 
100 «ws 40 ps 
X = 25NM 


The 2740 LOP is located 25 miles toward the 2800 hyperbola 
from the 2700 hyperbola on the chart. 


Homing 


To home a destination by use of LORAN, select the hyperbola 
which is plotted through destination and passes near the aircraft 
present position. If destination does not lie on a printed hyperbo- 
la, interpolate between hyperbolas to obtain the correct time 
difference value for destination. All applicable corrections, sky 
wave and others, depending on the receiver, must be applied 
with their signs reversed to the hyperbola value. 

When the correct time difference value has been determined 
and preset into the LORAN receiver, the aircraft heading is 


‘altered to intercept it. The direction to turn depends on the 


aircraft location relative to the desired hyperbola. 
LORAN Charts 


LORAN hyperbolas are usually printed in one of two ways on 
a LORAN chart. One method is to construct hyperbolas on the 
chart with 100 microsecond intervals, or some multiple of 100. 
The other is to print values in a way which allows the hyperbola 
to be constructed (see figures 18-26 and 18-27). Using these 
hyperbolas, one can construct LOPs on the chart to determine a 
fix position. These charts are usually labeled using mic- 
roseconds. Figure 18-28 may be used to convert PRT to PRR 
and vice versa. 

LORAN-C charts contain sky wave corrections for day and 
night use. These are printed at regular intervals on LORAN-C 
charts in those parts of the coverage area where either two sky 
waves or a ground/sky combination may be used. The following 
are examples of these corrections. 

59,600 — Y +01 D 
This indicates a sky/sky correction of +01 for daytime. 

59,600 — Y +02 N 
Correction for sky/sky match, nighttime. 

59,600 — X SG +39D 
Sky wave from master, ground wave for slave daytime correc- 
tion. 


59,600 — X SG +56N 
Sky master, ground slave nighttime correction. 
79,800 -— Y GS -45D 


Ground master, sky slave daytime correction. 
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Figure 18-26, Sky Wave Corrections. 
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Figure 18-27. Hyperbolas Used to Determine a Fix. 
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SPECIFIC PULSE 
RECURRENCE RATE PULSE 


STATION | PULSES PER | RECURRENCE 
SECOND TIME (us) 


NUMBER 


80,000 
79,900 
79,800 
79,700 
79,600 
79,500 
79,400 
79,300 


0 
; : 
2 
3 
4 
5 
6 
7 
0 
1 
2 
3 
4 
5 
6 
7 . 
0 
1 
2 
3 
4 
5 
6 
7 





Figure 18-28. LORAN-C Pulse Recurrence Rates Table. 


. If the receiver is located between sets of printed corrections, 
‘interpolation is necessary. 

€. Because LORAN-C operates in the low frequency band be- 
tween 90 and 110 kHz, it is less subject to attenuation, giving it 
greater range. This allows the base lines between transmitters to 
be longer, thereby reducing the number of stations required to 
provide complete coverage. 

LORAN-C uses pulse groups instead of a single pulse for 
measurement of time differences. The use of pulse groups not 
only increases average transmitting power, but permits the 
measurement of time differences with accuracies not attainable 
before. Phased coding of the multi-pulsed groups permits sta- 
tion identification and discrimination between ground waves 
and sky waves. 

The master transmitter of a particular LORAN-C network 
transmits nine pulses in its group; the slaves transmit eight 
pulses to a group. The additional pulse in the master group 
provides visual identification of the station (figure 18-29). 





Transmission Irregularities 


The accuracy of LORAN-C transmissions depends upon the 


Nomen yee aw —— ome’ —— 
MASTER SLAVE SLAVE SLAVE SLAVE 
Ww x Y Z 


Figure 18-29. Typical Indicator Display — Time Base 1. 


18-19 










SPECIFIC PULSE 
RECURRENCE RATE PULSE 
STATION | PULSES PER /RECURRENCE 
SECOND TIME (us) 


NUMBER 
50,000 


49,900 
49,800 
49,700 
49,600 
49,500 
49,400 
49,300 












BASIC 
PRR 










NOQ&WN tO | NOMA WN © ssenl 


TABLE Ii. 


MASTER STATION NINTH PULSE: m= APPROXIMATELY 0.25 SECOND 
q@mms= APPROXIMATELY 0.75 SECOND 


UNUSABLE ON-OFF PATTERN 
TD (S) 
12 SECONDS 
a (Tn 


RE Ct 





SECONDARY STATION FIRST TWO PULSES: 


TURNED ON (BLINKED) FOR APPROXIMATELY 0.25 SECONDS EVERY 
4.0 SECONDS. ALL SECONDARIES USE SAME CODE, AUTOMATICALLY 
RECOGNIZED BY MOST MODERN LORAN-C RECEIVERS. 


Figure 18-30. LORAN-C Blink Code. 
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correct tuning or synchronizing of the signals. LORAN-C trans- 
mitting stations use a ‘‘blink’’ code as a warning of transmission 
irregularities. Such irregularities could be: 


¢ Station not transmitting. 

¢ Incorrect phase coding. 

¢ Incorrect number of pulses. 
¢ Incorrect pulse spacing. 

* Incorrect pulse shape. 
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* Observed time difference at monitor station outside specifi: 
limits. 


Both master and slave stations of a pair blink if either stati 
is Operating incorrectly; readings obtained from that pair mt 
be treated with caution until both stations have stopped blin 
ing. When a slave station blinks, the first two of the eight puls 
are transmitted for only “4 second in every 4 seconds. T] 
master station blinks the ninth pulse in a code, which is repeat 
in a 12-second cycle (figure 18-30). 
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Figure 18-31. LORAN C/D Receiver 
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Figure 18-32. Consol Station. 


The LORAN-C receiver performs four basic functions: 
L. It measures and tracks the carrier phase difference of two 
Station pairs. 


2. It measures and tracks the envelope time difference of the 
Same two station pairs. 


3. It continuously adjusts the amplitudes of the three pulse 


soups in order to present signals of constant amplitude to the 
“ror detectors. 


4. It Continuously monitors any combination of the three 
Pulses 8roups for evidence of sky wave tracking. 


LORAN-D 


LORAN-D is very similar in characteristics to its predeces- 
sor, LORAN-C. The LORAN-D system has relatively short 
range capability and is designed for tactical uses such as close 
air support and interdiction, reconnaissance, air drop, and res- 
cue. LORAN-D transmitters may be transported to forward 
operating locations, and can be operational in short periods of 
time. 

LORAN-D operates in the 90-110 kHz band and has transmis- 
sion characteristics very similar to LORAN-C. The major dif- 
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Figure 18-33. Consol Chart. 
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‘ference between the two systems is that LORAN-D transmits 16 
pulses per group as opposed to 8 pulses per group transmitted by 
-LORAN-C. LORAN-D is designed to provide precise naviga- 
tion fixes (average predictable error of 600 feet) out to 250 
nautical miles from the master station and usable fixes out to 
500 nautical miles from the master station. 

- Combining LORAN-C/D makes possible more precise 
navigation and position fixing for a variety of missions. 
LORAN-C/D receivers (figure 18-31) provide continuous time 
difference measurements which, through the use of modern 
airborne computers, can provide readouts of aircraft position in 
latitude and longitude. 





CONSOL/CONSOLAN 


_ -During World War II, Germany developed a navigation sys- 
tem called Sonne. Following the war the British further de- 
veloped the system under the name Consol and several stations 
operating in the LF band have been installed in western Europe. 
The U.S. system called Consolan, also has several stations 
‘operating in the same band. 

Consol and Consolan differ from other hyperbolic systems in 
that three antennas are located in a straight line (antenna base 
line) and are closely spaced. This aid is often considered direc- 
tional rather than hyperbolic because great-circle bearings are 
plotted from the position of the center antenna. 

The usable range of Consol and Consolan is approximately 
1,000 miles during the day and 1,200 to 1,400 miles at night. 
Bearings are most accurate along a line perpendicular to the 
antenna base line and accuracy decreases toward the base line 
extensions. The total usable area is approximately 240° for 

Consol and 280° for Consolan. The usable circumference is 
divided into two sections, one on each side of the base line and 
Centered on a perpendicular bisector to the base line (see figure 
18-32), Two unreliable areas, of approximately 40° each for 
-Consolan and 60° each for Consol, are centered on the base line 
extensions. Unreliable sections are labeled on Consol charts. A 
typical Consol chart is shown in figure 18-33. 
Inthe daytime, at 1,000 miles from the station, LOP errors of 
‘from 6 miles at the bisector centerline to 24 miles at the outer 
‘edges of the usable areas (approaching the base line) are not 
Uncommon. At night these LOP errors may increase to as much 
a8 10 and 40 miles from the station. Interaction between sky 
_ Waves and ground waves or high atmospheric noise can cause 
even larger errors. 

Consol signals are transmitted as a series of dots and dashes. 
The phase of signals transmitted from the two end antennas is 
rotated with respect to the signal of the center antenna such that 
the radiation pattern consists of many lobes rotating around the 
middle antenna. Rotation is clockwise on one side of the base 
line and counterclockwise on the other side. Alternate lobes, or 
sectors, contain dot and dash signals which merge into a tone or 
equisignal at the sector boundaries. 

The duration of a transmission sequence may be as short as 30 
seconds or as long as a minute depending on the particular 

‘lation being used. During each sequence, a total of 60 dots and 
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Figure 18-34. Consol Transmission and Sequence. 


dashes is transmitted. The transmission sequence, heard by the 
operator, is shown in figure 18-34. 

To obtain LOPs from a Consol station, only an LF receiver 
equipped with a beat frequency oscillator (BFO) is needed. Tune 
the receiver to the desired station frequency and turn on the BFO 
(CW-Switch). If the receiver being used is equipped with both 
sensing and loop antennas, select the sensing antenna (ANT). 
NOTE: lf excessive interference is present, selecting the loop 
antenna, after initial tuning, will sometimes improve reception. 

The procedure for obtaining an LOP is shown in the following 
example: 

1. Tune the LF receiver to the desired station frequency. 

2. Identify the station. 

3. Count the number of dots or dashes transmitted before the 
equisignal (for example, 15 dots are heard). 

4. Note the time of the equisignal (this is the time of LOP). 

5. Count the number of dots or dashes after the equisignal 
(dashes— 39). 

6. Total the number of characters received before and after 
the equisignal (dots and dashes—54). This total is subtracted 
from 60 and the remainder (6) is applied equally between the 
dots and dashes to obtain the corrected dot and dash count (18 
dots and 42 dashes). 

7. Plot an LOP representing the sum of dots and dashes (18 
dots) heard before the equisignal. To plot the LOP, locate the 
number of dots (or dashes) on the chart which corresponds to 
those counted and draw a line as is shown in figure 18-35. ADR 
position or an ADF bearing to the station is used to determine in 
which dot (or dash) sector the LOP is located. Only a gross error 
in either the bearing to the station or the DR position could cause 
the LOP to be plotted in the wrong sector. 


CAUTION 


1. At night, always take a series of readings, particular- 
ly when 300 to 700 miles from the station. Wide variation 
in successive counts is an indication of ground wave/sky 
wave interference. These bearings should be used with 
caution or disregarded altogether. 

2. Consol LOPs should never be used within 25 miles of 
the station. 
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Chapter 19 


ADVANCED NAVIGATION SYSTEMS 


Navigation systems have improved steadily over the years. 
However, the single most important technological advance was 
the development of minute electronic parts and circuitry. The 
hardware for an early analog computer was larger than an entire 
airplane. Today’s computer can perform more and faster cal- 
culations and the entire unit may be installed in a space smaller 
than a sextant case. Prior to the development of miniature 


circuitry, such instal!ations were either impractical or impossi- 
ble. 


CLASSIFICATION OF NAVIGATION SYSTEMS 
Types of Systems 


Navigation systems now in use can be classified as either 
self-contained or ground-referenced. 

Self-Contained. A self-contained system is complete in itself 
and does not depend upon the transmission of data from a 
ground installation. However, some self-contained systems, 
such as search radar and Doppler radar, do require transmission 
of energy from the aircraft. Other self-contained systems, such 
as the inertial system and celestial-referenced aids, are com- 
pletely passive in operation; that is, they do not radiate energy 
from the aircraft. 

Aircraft equipped with self-contained systems can operate 
anywhere in the world without the assistance of ground-based 
aids. They have great flexibility since the accuracy of the system 
is not affected by the location of base line, blind spots caused by 
terrain, or bad weather. 

Ground-Referenced. Ground-referenced aids include all aids 
which depend upon transmission of energy from the ground. For 
military purposes, the use of ground-referenced aids involves 
considerable risk, since in time of war the system provides a 
havigation aid for enemy as well as friendly forces. Other 
disadvantages of ground-referenced aids are the large installa- 
tion and operating costs. 


The Ideal System 


Every navigation system has certain advantages and dis- 
advantages. A particular navigation system is used in a situation 
Where its advantages can be exploited while its disadvantages do 
hot harmfully affect its use. In some cases, several aids must be 
Provided to fulfill the requirements of different missions ade- 
quately. The ultimate objective of navigational research is to 
Produce one system that can be used in any location to supply a 


complete navigational aid for all aircraft. If such an ideal system 
is developed, it should have the following characteristics: 

Ground Information. The system must indicate the ground 
position of the aircraft. 

Global Coverage. The ideal system must be capable of posi- 
tioning and steering the aircraft accurately and reliably any place 
in the world. 

Self-Contained. The ideal system must not rely upon ground 
transmissions of any kind. | 

Passive Operation. The system must not betray the position 
of the parent aircraft by transmitting signals of any kind. 

Immune to Countermeasures. The system must not be sus- 
ceptible to countermeasures of any type. 

Useless to Enemy. The system must not provide navigational 
aid or intelligence of any kind to enemy forces. 

Flexible. Unlike some navigational systems which place the 
aircraft or missle on the final heading very shortly after takeoff, 
the ideal system must be flexible. The system must track the 
aircraft even though unplanned deviations are made from the 
preflight course. The system must also be capable of operating 
at an altitude and at any speed within the capability of the 
aircraft. 


AUTOMATIC ASTROTRACKER 


The automatic astrotracker is an optical electromechanical 
system which provides a continuous true heading reference. 
Since it uses a celestial rather than magnetic reference, the 
astrotracker is independent of the Earth’s magnetic field. It can 
therefore provide accurate navigation data in both hemispheres 
and in both polar regions. 

The astrotracker can locate, lock on, and track celestial 
bodies of the first, second, or third magnitude. These include 
stars with the photomagnitude of Polaris or brighter, planets, 
and the Sun. 


Components 


The automatic astrotracker system includes the following 
groups: 

¢ Astrotracker 

¢ Control Group 

¢ Indicator Group 

¢ Amplifier and Computer Group 

¢ Power Group 

Astrotracker. The astrotracker, shown in figure 19-1. is com- 
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Figure 19-1. Astrotracker. 


posed of a tracking telescope which is stabilized by a vertical 
reference gyro. A hemispherical glass dome is mounted at the 
top center of the astrotracker housing. The dome projects above 
the fuselage skin and admits light from celestial bodies to the 
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Figure 19.2. Astrotracker Control and Indicator 
Groups. 
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tracking telescope. The astrotracker modulates the light waves 
and a phototube converts the modulated signal to a usable 
electric signal for the computer group. 

Control and Indicator Groups. The control group contains 
the control panels required for operating the astrotracker system 
and inserting the required input and computed output informa- 
tion (figure 19-2). 

Power Group, and Amplifier and Computer.Group. The 
power group supplies the required power to all astrotracker 
systems while the amplifier and computer group determines the 
output data of true heading, true azimuth, celestial altitude, 
altitude intercept, and heading correction. 


Operation 


To accomplish its function, the astrotracker system solves for 
the celestial values of altitudes and azimuth. It must have these 
necessary inputs: latitude, longitude, Greenwich hour angle, 
sidereal hour angle, and declination. 

Inserting Information. Though normally supplied by auto- 
matic navigation computers, latitude and longitude can manual- 
ly be inserted by the navigator. All celestial information can be 
obtained from the Air Almanac (GHA of the body, GHA of 
Aries, SHA, and declination). Stars available for tracking can 
be obtained from the morning, evening, and polar sky diagrams 
in the Air Almanac. The photomagnitude of stars (labeled S-4) 
are also listed in the Air Almanac. The phototube is used to 
convert the light from celestial bodies to an electrical signal. Its 
ability to sense light from celestial bodies differs from the ability 
of the eye to see the light. For example, Antares has a visual 
magnitude of 1.2 but a photomagnitude of 3.7. 

Computing and Displaying Information. After the required 
information is inserted, a mechanical analog computer com- 
putes the true azimuth (Zn) and the computed altitude (Hc). 
These values are displayed for the navigator’s reference as well 
as being used in the system to position the optical telescope in 
altitude and azimuth. However, to position the optical telescope 
in azimuth, the relative bearing of the body to the aircraft must 
be computed. The astrotracker system accomplishes this by 
subtracting the best available true heading from the true azimuth 
(Zn — TH = RB). The best available true heading used for the 
computation of relative bearing is supplied from an alternate 
true heading system. The selected body should then be within 
the optical telescope search pattern. 

When the telescope locks onto the body, the astrotracker 
system computes two values: altitude intercept and heading 
correction. Altitude intercept is the difference between the com- 
puted altitude (Hc) which initially positioned the telescope and 
the actual altitude of the body. Heading correction is the differ- 
ence between the computed relative bearing and the actual 

relative bearing of the body. Next, the astrotracker computes the 
true heading by applying the correction value to the best avail- 
able true heading supplied by the alternate true heading system. 

With the advent of high-speed aircraft, the need for accurate 
heading information becomes more and more acute. The astro- 
tracker supplies this heading information with an accuracy of 
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Astrotrackers are also designed for space vehicles, missile 
guidance systems, and satellite applications. They can lock onto 
inertially stable star directions to serve as sensors of space 
vehicle attitudes. When used on nearby solar bodies, the direc- 
tion information can be used with respect to solar coordinate 
systems to develop accurate position information as well as 
vehicle attitude. : 


INERTIAL NAVIGATION SYSTEM (INS) 


Inertial navigation is now accepted as an ultimate in naviga- 
tion systems for two reasons: 

1. An inertial system neither transmits nor receives any signal, 
$0 it is unaffected by enemy countermeasures. 

2. Theoretically, there is no accuracy limitation in an inertial 
system. Technology and manufacturing precision can be consid- 
ered as the factors affecting accuracy. 

An inertial navigator can measure groundspeed in the pres- 
ence of wind and is completely independent of operating en- 
vironments. The need for a system with these properties has 
spurred development to the point where the inertial navigator is 
as good as, or better than, other automatic navigation systems. 
The inertial navigator provides accurate velocity information 
instantaneously for all maneuvers, as well as an accurate atti- 
tude and heading reference. 


Principles 


The basic principle of inertial navigation is the measurement 
of acceleration or displacement, rather than the measurement of 
airspeed and wind velocity as is necessary in the use of dead 
reckoning. This measuring of displacement is done with accel- 
erometers. The four basic components in any inertial navigation 
system are: 

1. A stable platform oriented to maintain the accelerometers 
horizontal to the Earth and to provide azimuth orientation. 

2. The accelerometers arranged on the platform to supply 
specific components of acceleration. 

3. The integrators to receive the output from the accelerome- 
ters and to furnish velocity and distance. 

4. A computer to receive the signals from the integrators and 
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Figure 19-3. A Basic Inertial System. 
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to change the distance traveled into position in the selected 
coordinates. 

Figure 19-3 shows that the accelerometers are maintained 
horizontal to the Earth by means of a gyrostabilized platform. A 
signal is transmitted from the accelerometer to the integrators, 
which perform a double integration. Distance is fed into the 
computer where two operations are performed; first, a position 
is determined in relation to the reference system used, and 
second, a signal is sent back to the platform to reposition the 
accelerometer. 


Accelerometer 


Acceleration-measuring devices are the heart of all inertial 
systems. It is most important that all possible sources of error be 
eliminated and that the accelerometers have a wide range of 
measurements. Very slight accelerations or even decelerating 
quantities need to be recorded. Changes in temperature and 
pressure must not affect the output of acceleration. An acceler- 
ometer consists of a pendulous mass which is free to rotate about 
a pivot axis in the instrument. There is an electrical pickoff 
which converts the rotation of the pendulous mass about its pivot 
axis into an output signal. This output signal is used to torque the 
pendulum to hold it into position and, since the signal is propor- 
tional to the measured acceleration, it is sent to the navigation 
computer as an acceleration output signal (figure 19-4). Howev- 
er, the accelerometers cannot distinguish between actual accel- 
eration and the force of gravity. Acceleration, to be meaningful, 
must be. computed relative to the Earth. This means that the 
accelerometers must be kept level in relation to the Earth’s 
surface (perpendicular to the local vertical) if acceleration in the 
horizontal plane is to be measured. The gyroscopes keep the 
accelerometers level and oriented in a north-south and east-west 
direction. 

In an aircraft, acceleration must be measured in all directions. 
To do this, three accelerometers are mounted mutually perpen- 
dicular (orthogonal) in a fixed orientation. To convert accelera- 
tion into useful information, the acceleration signals must be 
processed to produce velocity and then the velocity information 
must be processed to get the distance traveled. It is true that if 
acceleration is integrated with respect to time, velocity results. 
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Figure 19-4. Accelerometer. 


It is also true that if velocity is integrated, the result is distance. 
Any inertial system is based on the integration of acceleration to 
obtain velocity and distance. Acceleration is a vector quantity 
and has not only magnitude but also direction. 


Integrator 


The integration of both acceleration and velocity is very 
critical and the highest accuracy is essential. There are two types 
of integrators: the analog and the digital. One of the most used 
analog integrators is the RC amplifier, which uses a charging 
current stabilized to a specific value proportional to an input 
voltage. Another analog integrator is the AC tachometer- 
generator, which uses an input to turn a motor; the motor 
physically turns the tachometer-generator, producing an output 
voltage. The rotation of the motor is proportional to an integral 
of acceleration. Simply stated, the processing of acceleration is 
done with an integrator. All an integrator does is to produce an 
output which is the mathematical integral of the input, or in 
other words, the input signal multiplied by the time it was 
present (figure 19-5). 


Stable Platform 


Gyros are mounted on a platform with the accelerometers and 
control the orientation of the platform. All inertial systems use a 
gyro-stabilized platform to maintain accelerometer orientation. 
Each platform must contain a minimum of two gyros. If rate 
gyros are used, three gyros are needed. Each gyro must have its 
own independent operating loop. The effectiveness of the plat- 
form is determined by all parts of the platform, not just the 
gyros, to include torque motors, servo motors, pickoffs, ampli- 
fiers, and wiring. The gyro presents the major problems, partic- 
ularly concerning precession. Many later developments have 
appeared, including the air-bearing gyro, which has only 1/ 
10,000,000 the friction of a standard gyro and its real precession 
is negligible. Other gyros have real precession rates of less than 
360 degrees in 40 years. Platforms have been used for years in 
bombing and fire control systems; autopilots use a basic plat- 
form. Inertial navigation simply requires a stable platform with 
higher specifications of accuracy. 

A gyro-stabilized platform on which accelerometers are 
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mounted is called a stable element. It is isolated from the 
aircraft’s angular motions by gimbals. A simple diagram of a 
2-degree-of-freedom gyro mounted on a single-axis platform is 
shown in figure 19-6. 

A gyro tends to remain in its original position when it is up to 
speed. Any displacement of the stable element from its frame of 
reference is sensed by the electrical pickoffs in the gyroscopes. 
These electrical signals are amplified and used to drive the 
platform gimbals to realign the stable element. 

More advanced inertial navigation systems have a four- 
gimbal platform in a three-axis configuration. The order of 
gimbal axis is as follows, starting with the innermost axis: 
azimuth, inner roll, pitch, and outer roll (figure 19-7). 

The four-gimbal mounting provides a full 360-degree free- 
dom of rotation about the stable element, thus allowing it to 
remain level with respect to local gravity and to remain oriented 
to true north. This is north as established by the gyros and 
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Figure 19-5. Integrator. 


AFM 51-40 15 March 1983 


OUTER GIMBAL 


ROTOR 


BEARING 


PICKOFF 


ACCELEROMETERS 


Figure 19-6. Stable Platform. 
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Figure 19-8. Effect of Accelerometer Tilt. 
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accelerometers, regardless of the in-flight attitude of the air- 
craft. The azimuth, pitch, and outer roll gimbals have 360- 
degree freedom of rotation about their own individual axis. The 
fourth or inner roll gimbal has stops limiting its rotation about its 
axis. This gimbal is provided to prevent gimbal lock, which is a 
condition that causes the stable element to tumble. Gimbal lock 
can occur during flight maneuvers, such as a loop, when two of 
the gimbal axis become aligned parallel to each other, causing 
the stable element to lose one of its degrees of freedom. 


Measuring Horizontal Acceleration 


The key to a successful inertial system is absolute accuracy in 
measuring horizontal accelerations. A slight tilt will introduce a 
component of Earth’s gravity and incorrect acceleration will be 
measured (figure 19-8). 
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igure 19-9. Effect of Earth Rotation on Gravity Field. 


Keeping the accelerometers level is the job of the feedback 
ircuit. The computer calculates distance traveled and, via the 
eedback link, moves the accelerometer through an equivalent 
rc. The problem of aligning the accelerometer using this 
nethod is complicated by the following factors: 

¢ The Earth is not a sphere, but an oblate spheroid or geoid. 

¢ The rotation of the Earth produces a centrifugal force which 
eflects the specific force of gravity. 

* Because the Earth is not a smooth surface, there are local 
eviations in the direction of gravity. 

The feedback circuit operates on the premise that the arc 
ransversed is proportional to distance traveled. Actually, the 
rc varies considerably because of the Earth’s shape; the varia- 
on is greatest at the poles. The computer must solve for this 
regularity in converting distance to arc. 

The accelerometers are kept level relative to astronomical 
ather than geocentric latitude. Using the astronomical latitude, 
ne accelerometers are kept aligned with the local horizon and 
Iso with the Earth’s gravitational field. The Earth’s rotation 
roduces a centrifugal deflection that causes gravity to be per- 
endicular to astronomical latitude (figure 19-9). 
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Local abnormalities in the Earth’s gravitational field are of 
minor concern. They are compensated for only in vehicles with 
short inertial guidance terms, such as ballistic missiles. 

Accelerometers are kept level by feedback from the comput- 
er. Feedback is needed because of two effects, both called 
apparent precession. If the inertial unit were stationary at one 
point on the Earth, it would be necessary to rotate the accelerom- 
eters to maintain them level, because of the Earth’s angular 
rotation of 15 degrees per hour. Also, movement of the stabi- 
lized platform would require corrections to keep the accelerom- 
eters level. When using a local horizontal system in which the 
accelerometers are maintained directly on the gyro platform, the 
gyro platform must be precessed by a signal from the computer 
to keep the platform horizontal. Apparent precession is illus- 
trated in figure 19-10. 

A slight error in maintaining the horizontal would induce a 
major error in distance computation. If an accelerometer picked 
up an error signal of 1/100 of the G-force, the error on a 1-hour 
flight would be 208,000 ft. Dr Maxmillian Schuler, in 1923, 
showed that a pendulum with a period of approximately 84 
minutes could solve the problem of eliminating inadvertent 





‘igure 19-10. Apparent Precession. 
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Figure 19-11. Schuler Pendulum Phenomenon. 


acceleration errors. The fundamental principle of the 84-minute 
theorem is that if a pendulum had a radius equal to that of the 
Earth, gravity would have no effect on the bob because the 
center of the bob would be at the center of gravity of the Earth. If 
a pendulum has a period of 84 minutes, it will indicate the 
vertical regardless of acceleration of the vehicle. The Schuler 
pendulum phenomenon prevents the accumulation of errors 
caused by the measurement of gravity, although it will not 
compensate for errors in azimuth resulting from the precession 
of the steering gyro. The amplitude of the Schuler cycle depends 
upon the overall accuracy of the system. Figure 19-11 shows the 
Schuler-tuned system. 

A gyro that is up to speed and is unslaved or not torqued, is 
space-oriented and will appear to move with respect to the 
surface of the Earth. This is undesirable for aircraft inertial 
navigators, because the accelerometers will not be kept perpen- 
dicular to the local vertical. To Earth-orient a gyro, the control 
of apparent precession is used. If a force is applied to the axis of 
a spinning gyro wheel which is free to move in a gimbaling 
structure, the wheel will move in a direction at right angles to the 
applied force. This is called ‘‘torquing’’ a gyro and can be 
considered as mechanized or induced precession. A continuous 
torque, applied to the appropriate axis by electromagnetic ele- 
ments called torques, reorients the gyro wheel to maintain the 
stable element level, with respect to the Earth, and keeps it 
pointed north. An analog or digital computer determines the 
torque to be applied to the gyros through a loop that is tuned 
using the Schuler pendulum principle. The necessary correction 
for Earth rate depends on the position of the aircraft; the correc- 
tion to be applied about the vertical axis depends on the velocity 
of the aircraft. 

It is important that the stable element be accurately leveled 
with respect to the local vertical and aligned in azimuth with 
respect to true north. Precise leveling of the stable element is 
accomplished prior to flight by the accelerometers that measure 
acceleration in the horizontal plane. The stable element is 
moved until the output of the accelerometers is zero, indicating 
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that they are not measuring any component of gravity and that 
the platform is level. 

Azimuth alignment to true north is accomplished before flight 
by starting with the magnetic compass output and applying 
variation to roughly come up with true north reference. From 
this point, gyrocompassing is performed. This process makes 
use of the ability of the gyros to sense the rotation of the Earth. If 


‘the stable element is misaligned in azimuth, the east gyro will 


see the wrong Earth rate and will cause a precession about the 
east axis. This precession will cause the north accelerometer to 
tilt. The output of this accelerometer is then used to torque the 
azimuth and east gyro to insure a true north alignment and a level 
condition. 


Solving Navigational Problem 


The frame of reference of an inertial system will govern to 
some degree the uses of the system. The geographical coordi- 
nate system with north reference is the most common, but not 
the only system used. A north-oriented system requires that one 
accelerometer be mounted aligned to north and another mounted 
90 degrees to the first, to sense east-west accelerations. This 
arrangement allows for any movement to indicate distance 
traveled east-west and north-south. Distance north-south is con- 
verted to coordinates by dividing miles traveled by 60 to obtain 
degrees; east-west travel requires that distance be multiplied by 
the secant of latitude and divided by 60 to obtain degrees. This is 
due to the convergence of meridians and is performed by com- 
puters. Although convenient, latitude and longitude reference 
has the distinct disadvantage of not being adaptable to use in the 
polar regions, because of convergence of longitudes. It is possi- 
ble to offset the pole to a point on the equator. This offset would 
result in the polar areas being covered by a square grid. There is 
no specific reason to use a north-oriented system, for no external 
reference such as magnetic north is used in the inertial system. 
As a matter of fact, some inertial systems use a principle known 
as wander angle, which does not require the gyros to be oriented 
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Figure 19-12. Geographic References. 


to true north. A wander angle inertial system has the advantage 
of being able to operate in polar regions. 

The Earth is not a perfect sphere but an ellipsoid, the equator 
diameter being 27 miles longer than the polar diameter. The 
inertial navigation system (INS) maintains a continuous local 
vertical reference and measures distance traveled over a refer- 
ence spheroid which is perpendicular to the local vertical. This 
reference spheroid is mechanized by the INS computer. On this 
spheroid, the latitude and longitude of the present position are 
continuously measured by the integration of velocity. In figure 
19-12, phi represents latitude and lambda represents longitude. 

The axes are arbitrarily designed X, Y, and Z—which corre- 
spond to east, north, and local vertical respectively. This defines 
their positive directions. From now on, reference to velocities, 


attitude angles, and rotation rates will be about the X, Y and Z 
axes. The local vertical (Z) is established by platform leveling. 
This is the most fundamental reference direction. To complete 
platform alignment, north (Y) must be known; this is accurately 
established by gyrocompassing. However, prior to gyrocom- 
passing, the platform is course aligned; which is rotating the 
platform about the vertical (Z) axis through an angle equal to 
magnetic heading, plus local variation, to an accuracy of .5 
degrees or less. It should be pointed out here that gyrocompass- 
ing establishes platform alignment to the Earth’s axis of revolu- 
tion or North Pole. The INS is capable of doing this to an 
accuracy of 10 minutes of arc or less. After the platform is 
aligned, it remembers its alignment and always stays pointing to 
true north and the local vertical regardless of the maneuvers of 





Figure 19-13. Measurement of Aircraft Groundspeed. 
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TO un ‘ speed components of velocity in track (V), are meas- 
1 by the system along the X and Y axes, as shown in figure 


aft yaws, rolls, and pitches about the platform in a set of 
mbals, each gimbal being rotated through some component of 


wn in figure 19-14. Roll and pitch angles are measured by 
hro transmitters on the platform roll and pitch gimbals. 


Computer 


Three of the basic components in any inertial navigation 
system— accelerometers, integrators, and the stable element 
with its gyros—have been discussed. The fourth component is 
the computer. 

The principle of inertial navigation does not include fixing en 
route; thus, there is a need for much greater accuracy in the 
computers used with inertial than in those used with other 
systems. The computer function is less complex than that of 
basic GPI (ground position indicator) units. Since the input from 
the integrators is already defined as distance, the operation 
requires only the solution of present position. The second func- 
tion of the computer is to send a positioning signal to the 
stabilized platform. Additional operations may be performed by 
computers in selected units (solution and display of true head- 
ings, ground track, groundspeed, wind direction and velocity, 
etc) but the two functions described are the only ones required of 





Figure 19-14. Measurement of Aircraft Attitude. 
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computers related to all inertial systems. 


Summary 


Inertial navigation system technology has advanced very 
rapidly within the past few years. Inertia is rapidly becoming the 
basic element around which advanced navigation systems are 
designed. Inertial navigation systems with excellent reliability 
and present position errors of less than 3 NM per hr are currently 
employed in a number of operational aircraft and accuracies of 1 
NM per hr and less are within the state of the art. 


NAVIGATIONAL COMPUTER SYSTEMS 


In the same way an autopilot frees a pilot from the manual 
operations of flying, a navigation computer system relieves the 
navigator of many manual operations required to direct the 
aircraft in flight. When automatic sensing devices like the 
Doppler and astrotrackers are tied into a navigation computer 
system, the navigator is automatically provided current readings 
of present latitude and longitude, groundspeed, and heading. 
The navigation computer system thereby eases the navigator’s 
workload and frees him or her to make the decisions that are 
beyond the capability of computers. 

Modern aircraft are capable of speeds and ranges which 
require the navigator to perform extensive calculations rapidly 
and accurately. Consider a flight from the United States to a 
foreign country. The route could pass through areas of land, 
water, and ice caps. The navigator must contend with overcast, 
undercast, day, and night, in addition to altitude changes, turn- 
ing points, and mandatory ETA requirements. To handle all 
these conditions at the speed of sound or faster, the navigator 
uses automatic navigation computers. 

The navigational computer system consists of: 
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¢ The data-gathering units (sensors) such as radar, Doppler, 
and astrotracker. 

¢ Computer units where the computations and comparisons 
are made. 

¢ Navigation panels containing the dials and controls which 
give the navigator a system-monitoring and control capability. 


Sensors 


Radar. When a radar set is incorporated with the computer 
system, movable electronic crosshairs are displayed on the 
radarscope so that range and direction of radar returns can be 
measured and inserted into the computer (figure 19-15). The 
crosshairs consist of a variable range mark and a variable azi- 
muth mark. They can be maneuvered with a crosshair control 
handle. On the radarscope, they resemble a single fixed range 
mark and a heading mark. By moving the crosshair control 
handle, the navigator simultaneously changes the position of the 
crosshairs and the corresponding coordinate measurements 
(east-west and north-south) being fed to the navigation comput- 
ers. The function is completed almost instantaneously. 

When the navigator positions the crosshairs on a given return, 
the computers determine the distance between the aircraft and 
the return. If the coordinates of the return have been set in the 
computer, the computer can maintain a running account of the 
aircraft latitude and longitude. 

Doppler. Doppler radar’s contribution to the computer sys- 
tem is groundspeed and drift. These two outputs can be put to 
several uses in the computer system. Doppler groundspeeds can 
be used to drive the present position latitude and longitude 
counters. Doppler outputs can be used in platform leveling and 





Figure 19-15. Radar Cross Hairs. 
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in checking inertial groundspeed in an inertial system. Doppler 
radar is an essential part of many navigation computer systems. 

Astrotracker. The astrotracker is another data-gathering unit 
in a computer system. Its accurate measurement of true heading 
regardless of local magnetic variation makes the astrotracker a 
valuable addition. The navigation computer system can com- 
bine astrotracker true heading with Doppler drift to produce 
current aircraft track. The astrotracker also provides celestial 
LOP information which can be used by the navigation computer 
for fixing. 

Inertial Navigation. The inertial unit is used to feed velocity 
information into the computers. Once the inertial sensor is 
leveled and in operation, it is used to continually update the 
present position counters. 

LORAN. LORAN, discussed in chapter 18, fits well in an 
automatic computer system. Some computer systems have the 
coordinates of LORAN stations stored in them; during flight, 
the navigator selects the stations he or she wants to use and the 
computer does the rest. Fixing is automatic and occurs in 
somewhat the same way that a navigator takes a celestial fix. An 
assumed position is determined by the computers; the LORAN 
position is then applied to this assumed position. A series of 
credibility checks and approximations are applied automatically 
to the computer. The result is an accurate LORAN fix. When 
the computers function in the LORAN mode, continuous pre- 
sent position and groundspeed information is still available. 

TACAN. TACAN can easily be added to a computer system. 
Since the TACAN output is given in the form of a range and 
bearing, the computers need only the coordinates of the TACAN 
station being used. This data can be set into the computer before 
the mission begins. Some corrections must be applied to 
TACAN outputs to increase accuracy. The bearings received 
from TACAN are magnetic; therefore, the computer must have 
an accurate magnetic variation value at all times. This is usually 
built into the computer. TACAN range output is expressed in 
slant range. The computer applies absolute altitude above the 
station to the slant range to produce exact ground range. 


Computer Unit 


The two basic types of navigation computers most used are 
the analog and the digital. 

Analog. An analog computer is comparable to the navigator’s 
handheld computer in that a graphic replica of the problem to be 
solved is constructed in order to find the answer. The analog 
computer is generally larger than the digital computer, partially 
because many components must be added to solve a wide variety 
of problems. Some of these computers weigh as much as 2,000 
pounds. The analog computer has one main advantage; it is not 
as sensitive to temperature and pressure changes as the digital 
system. 

Digital. The digital computer is generally lighter and more 
compact than the analog system. In some cases, the digital 
computer weighs less than 100 pounds. It computes navigation 
problems in a much different manner than does the analog 
computer. It is unnecessary to design a digital computer ex- 
pressly for the navigation.problems it is to solve. Properly 
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Figure 19-16. Present Position Counter Drive. 
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this, it computes the direction and distance from the present 
latitude and longitude to the destination latitude and longitude. 
The present track, taken from the inertial system in this instance, 
is then compared to the required course to destination; the 


_ programmed, the same computer could be used in fields other 
than navigation. This is possible because the digital computer 
deals strictly with numbers. This requires that all inputs be 
changed to a numerical value before they are sent to the comput- 





er. All outputs likewise must be converted back to terms which 
are meaningful to the navigator. 


DETERMINING POSITION 


Regardless of computer type, the problems to be solved by a 
Navigation computer remain the same. The ever-present prob- 
lem facing the navigator is determination of aircraft position. 
With a computer system, it is not necessary to estimate a 
position based on a track and groundspeed derived from the last 
known position. The computer always displays the current posi- 
tion for convenient reading. 


Example 


Figure 19-16 illustrates an example which depicts determina- 
tion of present position using astrotracker and Doppler informa- 
tion. 

The astrotracker sends a true heading of 040° to the computer 
and the Doppler registers groundspeed of 707 knots and a drift of 
5° right. The true heading and drift are combined in the comput- 
er to produce a value of track; in this case, 045°. 

The groundspeed can be resolved around the direction of 
track to produce values of groundspeed to drive the latitude and 
longitude counters. In this case, the groundspeed north and east 
is 500 knots. Though this process seems basically simple, a few 
corrections must be applied to the groundspeed components 
before they are sufficiently accurate for present position drive. 
These corrections, done within the computer, include such 
things as compensation for convergence of meridians and for the 
imperfect shape of the Earth. 


Determining Heading to Destination 


Another question the navigator often faces is, ‘‘What is the 
heading to destination?’’ This question is also answered by 
many navigation computer systems. The computer first com- 
putes the required track, either rhumb line or great circle. To do 


difference is a heading correction. Groundspeed may be applied 
to the distance to destination, and a time-to-go may be computed 
to provide a continuous ETA. Figure 19-16 illustrates some of 
the computer outputs associated with a typical INS. It is interest- 
ing to note that many of the new computers are equipped with an 
automatic troubleshooting system. In the event of a malfunc- 
tion, the system may automatically shut down and display the 
location of the actual malfunction and some possible causes. 


Navigation Panels 


The navigation panels comprise the greatest part of the com- 
puter system visible to the navigator. Panel appearance and 
operation vary with each computer system. The multitude of 
counters, dials, switches, buttons, control knobs, and selectors 
give the navigator maximum use and control of the system. 
Selectors that determine which sensors will be used and which 
read-outs will be given, permit the navigator to switch from one 
mode of operation to another, as in figure 19-17. 

The computer system aids the navigator in other ways. Most 
modern computers have limits built into them so they will not 
accept unreasonable information. For instance, if the coordi- 
nates of a fix point are set one degree of latitude in error, the 
computer rejects the fix because the information 1s totally in- 
compatible with information already in the computer. A rapid 
change in groundspeed from a sensor might be rejected and that 
sensor output no longer used because it would be considered 
unreliable. 

So far in this discussion, only basic navigation has been 
considered. A sophisticated computer system can solve ballistic 
problems and automatically release bombs and missiles. If the 
system is installed on a transport type aircraft, cargo drops and 
notification of bailout time to paratroops can be controlled by 
the navigation computer. 

All computer systems do not contain all the sensors or have all 
the capabilities described above. The mission requirements of 
the aircraft dictate what the computer system should include. 
With advancements in science and engineering, automatic com- 
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TRACK AND GROUND SPEED AIRCRAFT IS MAINTAINING 
TRUE HEADING AND DRIFT ANGLE 


DISTANCE FROM DESIRED TRACK IN NM.-DIFFERENCE 
BETWEEN DESIRED TRACK AND CURRENT TRACK 


PRESENT POSITION (LATITUDE AND LONGITUDE) 
LATITUDE AND LONGITUDE OF SELECTED WAYPOINT 
DISTANCE AND TIME TO NEXT CHECK POINT 


CURRENT TRUE WIND. (REQUIRES INPUT OF TAS FROM 
BASIC INSTRUMENTS) 


DESIRED TRACK TO NEXT CHECKPOINT AND 


ENABLES TEST OF INTERNAL UNITS 





Figure 19-17. Typical Control Display Unit. 


puter systems will have increased capabilities and uses. The 
systems will become lighter and more compact thereby increas- 
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E13°12’ 
W10°36’ 
W157 ° 48’ 
W98°18’ 
E55°18’ 
W65°12’ 
W61° 36’ 
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N21°24’ 
N46°24’ 
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LIBERIA 

HAWAII 

NORTH DAKOTA 
LA REUNION $21°00’ 
ARGENTINA $43°06’ 
TRINIDAD (TEMPORARY) N10° 42’ 
AUSTRALIA (PROPOSED) $38°29’ 


N34°36’ 


JAPAN 


Figure 19-18. Omega Transmitter Locations for 
World-Wide Navigation. 





ing the practicability of installing them on more aircraft. 


OMEGA 


LORAN has significantly improved navigation over water 
and is very accurate up to 800 NM. However, at distances over 
1,000 NM, skyways must be used and there is a resulting loss in 
position accuracy. Additionally, LORAN fixing requires con- 
siderable expertise by the navigator to interpret and align the 
pulses received on the LORAN’s CRT. Omega is an accurate 


_ long-range alternative that overcomes both of these problems. 


Increased range is a result of the ultra low frequency used by 
Omega transmitters. To get an accurate fix, a navigator needs to 
obtain simultaneous signals from three different Omega sta- 
tions. Nevertheless, only eight Omega stations provide world- 
wide coverage (figure 19-18). These eight stations operate at 
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Figure 19-19. Omega Transmission Pattern. 
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Figure 19-20. Idealized VLF Propagation Mode. 


10-13 kHz and utilize a signal phase difference rather than a 
time-of-arrival signal like LORAN. 

As shown in figure 19-19, station A (Norway) begins its 
ransmission format on 10.2 kHz for 0.9 seconds, then is «.lent 
for 0.2 seconds, comes back on the air on 13.6 kHz for 1 sczond, 
again is silent for 0.2 seconds then transmits on the final fre- 
quency (11.33 kHz) and is silent for 6.6 seconds. The other 
stations sequence through their transmission in a similar man- 
ner. With the format, position information is updated every 10 
seconds. Each station has a unique transmission which allows 
the automatic Omega receiver to identify the station being 
received. 


Theory 


Omega transmitting stations operate in the internationally 
allocated Very Low Frequency (VLF) navigational band be- 
ween 10 and 14 kHz (figure 19-20). This very low frequency 
snables Omega to provide navigational signals at much longer 
ranges than other ground-based navigational systems. The eight 
ransmitting stations provide worldwide coverage with an inher- 
ent potential fixing accuracy of 2 to 4 nautical miles 95 percent 
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of the time. 

Like LORAN, Omega is a hyperbolic radio navigation sys- 
tem. That is, the LOPs obtained are actually hyperbolas. In 
LORAN, the difference in arrival time of signal pulses from two 
stations is measured by matching the leading edges of the pulses 
on aCRT. In Omega, phase measurements using the entire pulse 
are made to measure this time difference. However, the Omega 
signals are in the form of sine waves that repeat themselves at a 
distance interval based on the wavelength of the frequency 
being transmitted. This repeating wave form leads to a repeating 
phase relationship every one-half wavelength, which in turn 
results in ambiguous lanes having the same phase measure- 
ments. Therefore, the correct lane corresponding to the actual 
position of the aircraft must be selected. This process is called 
initialization and is performed during turn-on of the equipment 
or after an extended period of signal outage. The three transmit- 
ted frequencies result in ambiguous lanes 72 NM in width. 
Thus, positional errors of 36 NM or greater must be corrected if 
slippage into the next lane is to be avoided. 

Data collected at monitoring sites have shown that the trans- 
mitted Omega signal is very stable and predictable over long 
distances during most portions of the day. Omega signals are 


1880 1900 1920 1940 1960 1980 


YEARS 


Figure 19-21. Solar Cycle History (1760-1980). 
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Figure 19-22. Sequence of Events with a Major Solar Flare. 


propagated through what is known as the waveguide which 
exists between the Earth’s surface and the lower D region of the 
ionosphere. Within the waveguide, Omega signals undergo 
changes in propagation velocity (and thus, changes in received 
phase relationships) due to contraction of the waveguide during 
daytime when the ionosphere lowers to within about 70 Km of 
the Earth’s surface and expansion during nighttime when it 
moves to 90 Km above. These changes are predictable and are 
compensated within the automatic Omega receiver. The com- 
pensation is especially complicated for signals whose propaga- 
tion path is partially sunlit and partially in darkness. Known 
ionosphere changes also occur with time of year and are also 
compensated within the receiver. This is why the automatic 
Omega receiver must be initialized with month and time. 


Environmentally Induced Errors 


There are three error-inducing environmental effects on 
Omega signals which have their origins in solar flares or suns- 
pots. Impulsive solar activity follows closely what is called the 
solar ‘‘sunspot cycle.’’ The Sun, over the past 200 years, has 
shown a preference for periods of “‘spottiness’’ interspersed 
with periods when no spots are visible. Over a period of time, a 
cyclical pattern with a mean period of 11.4 years between peaks 
has been observed (figure 19-21). As previously indicated, the 
accuracy of Omega fixing depends in large measure on our 
ability to predict signal propagation velocity as the ionosphere 
rises and falls with the diurnal cycle. However, ionospheric 
height is also affected by charged particles emitted by the Sun 
during solar flares. During a 3-year period centered on a sunspot 
maximum, a solar flare large enough to affect Omega signals 
can be expected to occur on the average of about once a day. 
When a major flare occurs, the sequence of events follows a 
generally predictable pattern (figure 19-22). 

Sudden Ionospheric Disturbance (SID). With a large solar 
flare, powerful streams of X-rays immediately spread outward 
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into space and intercept the Earth in its orbit. These X-rays are 
absorbed in the ionospheric D region resulting in an abrupt 
‘‘lowering’’ of the upper boundary of the Omega signal wave- 
guide (figures 19-23 and 19-24). This height change causes a 
phase shift in the received Omega signals which will not be 
compensated for in the automatic Omega receiver. The magni- 
tude of navigational errors will depend on the strength of the 
flare and the length of the signal path which is sunlit. However, 
the error on a single path could be as much as 15 or 20 nautical 
miles. Because the occurrence of a SID will be detected about 
the same time as maximum position errors are encountered, 
there is little the navigator can do. Normally, a SID will only last 
1 to 2 hours and the automatic Omega receiver will recover 





Figure 19-23. The D Region Height Variation from Day 
to Night. 
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Figure 19-24. The Reduction in D Region Reflection Height with Increased Ionizing Radiations. 


without intervention. 

Polar Cap Anomalies (PCA). (Also known as polar cap 
absorption). About 2 hours after the arrival of X-rays from a 
major solar flare, as the SID is subsiding, charged particles 
begin to arrive at the Earth.and are deflected to the polar caps by 
the Earth’s magnetic field. With the onset of this phenomena, 
the ionosphere over the poles (generally above 65 degrees lati- 
tude) begins to lower relative to propagation of Omega signals. 
This condition may persist for 2 to 3 days and can result in single 
path errors of up to 6 nautical miles, but very large events may 
produce errors of 12 to 15 nautical miles. Further large solar 
flares may compound PCAs in progress such that polar trans- 
mission of Omega signals may be unreliable for 7 to 10 days at a 
time. The occurrence of a PCA can be determined from Omega 
propagation information broadcast on WWV at 16 minutes past 
each hour or by NOTAM. Navigator corrective action is to 
manually deselect all stations which are being received via a 
polar path while a PCA is in progress. 

Geomagnetic Storms. Disturbances in the Earth’s magnetic 
field may occur at any time, but the strongest storms are associ- 
ated with major solar flares. Two or three days after a major 
flare, as PCA effects are subsiding, large volumes of low energy 
particles arrive at the Earth. These particles are also deflected by 
the Earth’s magnetic field and they enter the upper atmosphere 
in the Auroral Zones (from the poles to 45-50 degrees latitude). 
With enough volume and impetus, they will enter the D region 
of the ionosphere where they will affect Omega signals for some 
3 to 5 days. Short-lived (1 hour or so) bursts of geomagnetic 
activity often occur at times superimposed on a general major 
disturbance. These bursts of activity are called ‘‘substorms.”’ 
Further major flares serve to compound events already in pro- 
gress. During a 3-year period centered on solar flare maximum, 
the ionsphere may be disturbed in one area or another for up to 
1S percent of the time. None of this disturbance is predictable, 


and thus none is compensated for in the automatic Omega 
receiver. The best navigator corrective action is to have a basic 
understanding of the described phenomena and deselect 
appropriate stations when their occurrence and (or) Omega 
fixing inaccuracies are suspected. 


Modal Interference 


Modal interference is a special form of signal interference 
wherein the various waveguide modes of signal propagation 
interfere with each other and irregularities appear in the phase 
pattern. Ideally, one mode would be completely dominant at all 
times and the resultant phase grid would be regular. In practice, 
competing modes do not completely disappear and three situa- 
tions are recognizable. If the competing mode is very small, 
then the dominant mode will establish a nearly regular pattern as 
is intended, and usually this is what happens during almost equal 
to the dominant mode. The potentially serious case is that in 
which modal dominance can change. This may occur, for exam- 
ple, if one mode is dominant during the day and a second mode 
at night. Clearly somewhere during sunset and sunrise, the 
transition period, the two modes must be equal. Depending 
upon phasing of the modes at equality, abnormal transitions may 
occur in which cycles are ‘‘slipped’’ or lost. Positional errors of 
a full wavelength are possible under such conditions and use of a 
station so affected should be avoided. If this is not possible, 
particular attention must be given to proper land identification. 
Modal interference is primarily a nighttime phenomenon affect- 
ing transequatorial transmissions. 


Wrong-Way Propagation 


Omega navigation systems are subject to other propagation 
anomalies which are not conveniently categorized. One of these 
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Figure 19-25. Schematic of ‘‘Wrong-Way’’ VLF 
Propagation. 


is wrong-way propagation. Because Omega signals have ex- 
tremely long range, the receiver can actually receive two signals 
from a transmitting station; one traveling direct from the station 
and the other traveling around the Earth and reaching the receiv- 
er from the opposite direction (figure 19-25). The automatic 
Omega receiver is programmed to use and apply compensations 
for the shortest path signal. It determines the shortest path by 
comparing relative signal strengths and assuming the strongest 
is the shortest path. However, for reasons not yet explained, 
signal attenuation along different propagation paths can differ 
by substantial amounts. Therfore, the reverse path signal can be 
stronger than the direct path signal. If this occurs, the receiver 
will use the wrong signal. This condition seems to be most 
common on nighttime Omega propagation paths and must be 
strongly considered when positional inaccuracies are suspected, 
as navigational errors of several nautical miles may result. 
When using an automatic Omega receiver, navigator corrective 
action is to carefully deselect received stations one at a time until 
the offending station is found. 


Westerly Signal Traverse of the Magnetic Equator 


Another Omega signal anomaly occurs when a signal crosses 
the magnetic equator from east to west at an angle of 45 degrees 
or less. After such a crossing, its observed phase has been found 
to be substantially different from its predicted phase (figure 
19-26). The problem is most common during the nighttime 
hours. The physical reasons for this anomaly are unknown. It 
appears to be the result of an unusual interaction between the 
radio signal and the Earth’s magnetic field such that a significant 
change in signal speed occurs. When this occurs, navigational 
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accuracy is degraded by up to 6 nautical miles. As examples 
errors could be expected along the east coast of the US if th 
Omega signals from Liberia were used. The same problen 
would arise in the vicinity of Australia if the Hawaiian signal 
were used. Navigator corrective action is to deselect the station 

Omega station deselection chart, Flip General Planning, in 
cludes an Omega station deselection chart which lists station 
that should be deselected in various parts of the world. Thes 
stations were chosen for deselection because of potential wrong 
way propagation or westerly traverse of the magnetic equator 
This chart should be a primary reference for all flights utilizin; 
Omega as a navigational aid. The chart also identifies station 
which are being received via a polar path so that they can also b 
deselected when a PCA is in progress. 


Equipment 


The AN/ARN-131 airborne Omega receiver is a computer 
ized, automatic navigation system in the style of previously 
mentioned INS systems. It consists of a control display uni 
(CDU), a receiver-processor, and an antenna (figure 19-27). 
The CDU may be located at either the navigator’s or pilot’: 
position. The receiver-processor, the heart of the system, is 
located under the flight deck in the avionics compartment. The 
H-field-type antenna is not as suceptible to precipitation static a: 
the old long-wire LORAN antenna. 

To operate the AN/ARN-131, the navigator needs only to (1) 
turn on the set and, (2) insert month, time of day, and approxi- 
mate position. The *131’’ will then automatically select the bes! 
situations available, eliminate any invalid signals, synchronize 
the valid signals, and resolve the aircraft position. In addition, 
the computer will accept nine waypoints (checkpoints) for en 
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Figure 19-26. Schematic of Westward Traveling VLG 
Signal Crossing Geomagnetic Equator. 
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Figure 19-27. CDU Controls and Indicators. 





route navigation and compute winds, desired headings, dis- _—_ Earth’s surface. 
tances, and times (ETE/ETA) between waypoints. Theory. Navstar GPS theory can best be explained by relating 


it to passive TACAN distance-measuring equipment (DME). 
NAVSTAR GPS TACAN DME theory states that a sphere of constant range 





Navigators have been obtaining celestial LOPs from the fo 
Earth’s only natural satellite (the Moon) for several centuries. | 
One reason celestial navigation is so accurate is because the 
satellite’s location can be precisely computed seconds, minutes, 
days, and even years in advance. Since 1956, hundreds of 
artificial satellites have been launched into orbit around the | 
Earth. Like the Moon, the path of these satellites can also be | 
accurately precomputed. If we were able to place electrical 
transmitters into several satellites, launch them in precisely 
controlled orbits, and equip a navigator with a receiver, we 
might be able to calculate LOPs from two or more satellites and 
accurately position our aircraft. Thanks to some recent develop- 
ments in high-speed digital processing, improvements in orbit 
prediction and, most importantly, some significant improve- ey 7 \ 
ments in the state of the art of spaceborne clocks have been — = es SCs 
achieved. The Navstar Global Positioning System (GPS) was | Rh ots Eg 


bom in June of 1977 with the launching of the first Navstar 
Satellite. . 


The Satellites 


) The system consists of 24 navigational satellites launched 
into carefully conceived celestial orbits. The satellites are pic- 
lures in figure 19-28 and the constellation of 24 satellites is 
depicted in figure 19-29. The satellites orbit at an altitude of 
12,900 nautical miles at a speed of 7,500 knots, thus making 
them very difficult targets to intercept. There will be eight 
Satellites in each of three orbital planes spaced at intervals of 120 
degrees of longitude. Such a configuration will insure that at 
least six satellites will be in view from anywhere on or nearthe —- Figure 19-28. NAVSTAR Satellite. 


a ciecaio Google 
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Figure 19-29. NAVSTAR Orbits. 


(radius) from a TACAN DME station ts described by the product 
of the speed of light and the time interval for the transmission, 
divided by two. In order to calculate the range, the receiver must 
know the time of the signal transmission from the satellite and 
the time of its signal reception. Therefore, each satellite carries a 
highly stable spaceborne atomic clock which generates a 
pseudorandom noise code (PRN). Due to the characteristics of 
the digital signal, the time of signal transmission is inherent in 
the transmitted signal from the satellites. The PRN code is used 
to provide a measure of protection against jamming and unau- 
thorized use. 

If the receiver possesses a stable clock synchronized with the 
satellite clock (this is not the case as will be explained later), it 
can subtract the time the satellite transmitted the signal from the 
time that the clock indicates that it received the signal. This time 
interval, multiplied by the speed of light, will produce a sphere 
of constant radius whose center is at the satellite on which the 
receiver is tuned. (Time delays due to the atmosphere and to the 
equipment must also be considered, but they are not essential to 
an understanding of basic GPS theory.) With two satellites in 
view, the user can calculate a line of position from the intersec- 
tion of two spheres. A third satellite provides an additional 
sphere of position whose intersection with the other two will 
define a three-dimensional navigation fix. The accuracy of the 
navigation fix would be dependent on: (a) the accuracy of the 
measurement process (how accurately 1s the digital signal proc- 
essed), (b) the accuracy of the satellite positions, and (c) the 
accuracy and stability of the satellites’ clocks and the receiver 
clock. The user equipment is expected to be able to track the 
satellite’s signal to within 3 nanoseconds (3 x 107°). This is 
equivalent to a | meter error in position. 

If navigational accuracy on the order of 10 meters is desired, 
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we must be able to establish satellite position at a particular time 
to within at least 10 meters. This is not a trivial problem. Since 
the satellite is moving and is subject to complex gravitational 
attractions and solar winds, measuring and predicting its posi- 
tion within 10 meters as a function of time is quite difficult. The 
ability to accurately determine satellite position at a particular 
time is one continuing development which has made GPS possi- 
ble. Highly accurate satellite range rate measurements, com- 
bined with vastly improving estimation theory techniques such 
as Kalman filtering, have contributed to this success. Kalman 
filters use a sophisticated statistical weighting process of pre- 
vious range and range rate measurements to predict what the 
satellite position will be at a particular time in the future. These 
Kalman filter techniques are accomplished by high-speed digital 
computers to give the ground-based satellite system monitor the 
ability to accurately predict individual satellite positions at all 
times. This information on future satellite positions, as well as 
time information, is uploaded to the satellites on a daily basis. 
The satellites will continuously transmit this information to all 
users. aa tae 
The most important factor to be considered relates to the 
accuracy of time measurement. if the receiver expects to caleu- 
late an accurate surface or sphere of position by measuring the 
time difference between signal transmission and receptioni, all 
transmitters and receivers must be extremely well time synchro- 
nized. This synchronization will insure that all satellite signals 
are transmitted simultaneously. In order to establish LOPs with 
10-meter accuracy, we must be able to measure a time differ- 
ence on the order of a few nanoseconds (10~%). Recently 
developed atomic spaceborne clocks have frequency stabilities 
on the order of 10~ ' seconds per second for a period of about | 
day. Given such stabilities, a time hack once a day, or about 10° 
seconds after synchronization, will be accurate to about 107* 
seconds (107 !3 sec/sec x 10° sec = 10~* sec). Very expensive 
cesium atomic clocks will be installed in the navigation satellite 
to achieve this level of accuracy. 

To achieve 10-meter positioning accuracy would also require 
that all users have an atomic clock comparable to the satellite 
clocks. This approach, however, would significantly increase 
receiver cost. The requirements for an expensive user clock can 
be eliminated by insuring that four satellites are visible to the 
user. By using four satellites, the user will be able to sychronize 
his or her clock to the satellite clocks each time a fix is taken. 
Because user time between fixes, as well as time synchroniza- 
tions, may be on the order of 1 second, the clock must only have 
a short-term frequency stability of about 10~® sec/sec to pro- 
duce 10~® seconds timing accuracy over the 1 second fix 
interval (10~® sec/sec X 10° sec = 10~® sec). Quartz crystal 
clocks, which are considerably less expensive than atomic 
clocks, are currently available and can easily provide such 
accuracy. 

Testing and System Development. The first satellite was 
launched in June 1977. The second and third satellites were 


launched in 1978 with the third satellite achieving final orbit in 
September. A test range at Yuma Testing Grounds, Arizona, has 


been fabricated for testing proposed satellite accuracies and 
dynamic receiver capabilities. Initial testing was conducted 
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‘using a portable manpack navigation receiver mounted in a truck 
T oving at 50 mph. Four signals are required to determine a 
re seiver’s latitude, longitude, altitude, and velocity (figure 19- 
30). Therefore, the manpack tests were only able to determine 
the latitude and longitude of the receiver. Nevertheless, hori- 
| zontal position accuracies within 6-7 meters (20-23 feet) were 
obtained. Accuracy goal for the fully operational system has 
a been set at 10 meters. 
| 


SUMMARY AND CONCLUSION 


~ What does the advent of all this sophisticated equipment 
\ mean to the navigator and his or her role in the Air Force flying 


| "mission? Certainly, the accuracy of the new systems is unques- 


Figure 19-30. System Technique. 
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uionable with Navstar GPS producing accuracies within meters. 
An INS backup could not be jammed or intercepted and would 
provide acceptable accuracy in all weather. New computers that 
take up less room than a sextant case can process multiple inputs 
from several sources (GPS, INS, Omega, Doppler, and 
LORAN). Additionally, they will also provide wind, heading, 
course, distance, and time information automatically. 

Nevertheless, we must always consider the necessity of a 
human backup system. This is especially true on a complex 
navigation mission flown through a hostile environment. At this 
point, these sophisticated pieces of equipment would become 
the only tools that a navigator would use to make important 
decisions. Regardless of their accuracy or reliability, a naviga- 
tor must still be available to make the most logical navigational: 
decisions to successfully complete the mission. 


Digitized by Google 
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Chapter 20 


LOW LEVEL NAVIGATION 


FUNDAMENTALS 


The main reasons for conducting low level operations are to 
gain the element of surprise, to avoid detection and interception, 
and to minimize the effect of enemy defenses. In addition, 
certain types of operations such as paradrops and aerial resupply 
missions demand a low level capability. The problem of per- 
forming accurate navigation at low altitudes differs consider- 
ably from that at higher altitudes. Low level navigation requires 
comprehensive flight planning, accurate dead reckoning, and 
extensive use of all available aids. The navigator must work 
very rapidly to obtain and interpret in-flight observations. In 
general, low altitude flying affects the navigation problem be- 
cause of reduced radar range, reduced visual capability, poten- 
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tial adverse weather situations, and the need for reactive deci- 
sion-making. In addition, the normal mechanics of navigation, 
such as writing, measuring, computing, and plotting, are made 
difficult to impossible by turbulence encountered at low alti- 
tudes. 


PLANNING THE MISSION 


The key to successful low level navigation is the careful and 
comprehensive planning accomplished prior to the flight. Every 
minute spent in flight planning helps to insure that the low level 
mission will be successful. 


B. TWO-MINUTE TURN (3°/SECOND) 


ih HEADING CHANGE 
10° 0° 0° 40° 50° 60° 70° 80° 90° 100° 110° 


HI UNI GROUND DISTANCE BACK TO START TURN (NM) 





1 
2 
3 
4 
Be) 
6 
7 
8 
9 


Ur & WwW w/w — — | 
amt et at anf 

mawWKHOw Noaao— 
ONNN SO ~. 
~wWU— wld’ OA wW 


1.0 2. 0 2. 5 ‘ : : ; 
gree BACK (ETA ADJUST TO START TURN) 
5“ 7" 9” 1 bad 13” 16” 19” 23” 
TIME re 2s TURN 
i rae b Ned a hd 5” 8” 12’ 
TIME REQUIRED 7 ZOMPIETE TURN 
t 7" 10” 1 3” 1 7" 20” 23" 27"' 30” 33° 37" 
For radius of turn, extract from 90° column (double for turn diameter) 


GROUNDSPEED (KNOTS) 


D. EIGHT-MINUTE TURN (34°/SECOND) 


+: HEADING CHANGE 
10° 0° 0° 40° 50° 60° 70° 80° 90° 100° 110° 120° 


HA GROUND DISTANCE cack uo START TORN wy 


18 0 (2.1 
; 20 + Hf 3.5 43 a1 $1 y) 
3 30 37 $44 53 64 76 9.2 11.1 
1 
9 








39 49 58 7.0 85 10.2 12.3 147 
49 61 7.3 88 10.7 12.7 15.4 18.4 
35 47 59 7.3 87 106 12.8 15.2 18.4 22.0 
40 55 69 86 10.2 12.3 15.0 17.8 21.5 25.7 
46 63 79 98 11.7. 141 17.0 20.3 246 29.4 
35 52 7.0 89 11.0 13.1 159 19.2 22.8 27.6 33.0 
39 58 78 98 12.2 149 176 21.3 25.4 30.7 368 


| TIME BACK (ETA ADJUST TO START TURN) 


ONWWh/OwMO ab 


GROUNDSPEED (KNOTS) 
33 


‘ 


14” 20" 28” 36" 44" 54” 64” 76" 91 oe 109” 132” 
TIME SAVED IN TURN 

1 ae 2" i 6” 10” 14” 20" 32" 48" 72" 100” 

TIME REQUIRED TO COMPLETE TURN 

13”¢ 27” 40° 53% 67” 80” 93 107” 120” 133” 147” 160” 

For radius of turn, extract from 90° column (double for turn diameter) 









*NOTE: Use data from Table A to compute procedure tum information for non-charted turn rates. Multiply all distance and time increments extracted from this table 


by the number of minutes required to accomplish a 360° turn. 


. EXAMPLE: 12 minute turn (%°/sec), GS— 400 Knots, TH Change — 80°. 
Ground distance back to start tum = .9 x 12— 10.8 NM 
Time back (ETA adjust to start turn) = 8” x 12 = 96” (1’ 36”) 
Time saved in turn = 3” x 12 = 36” 


Figure 20-1. Procedure Turn Tables (Distance/Time Back). 


Time required to complete turn = 13” x 12 = 156" (2’ 36”) 
Radius of turn (90° column) = 1.1 x 12—= 13.2 NM 
Diameter of turn = 2 x 13.2 = 26.4 NM 
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Route Determination 


Carefully select the routing with emphasis upon navigational 
checkpoints and safety of flight. Turning points should be over 
or close to identifiable points such as those which provide good 
land-water contrast or give good radar definition at maximum 
range. 

Directness. To conserve time and fuel, the route must be as 
direct as possible. A direct route also minimizes the time spent 
within range of enemy defenses (surface-to-air missiles, all- 
weather interceptors, etc). 

Procedure Turns. Compute procedure turns for all turning 
points since the aircraft must rollout on course. Figure 20-1 
contains a series of tables which may be used to compute 
procedure turns. If heading and groundspeed change in flight, 
use the tables to recompute a new procedure turn. 

Altitude. Terrain elevation, both along the intended flightpath 
and adjacent to it, is an extremely important factor when plan- 
ning mission altitudes. Normal altitudes for low level combat 
missions are between 200 and 500 feet above ground level. On 
domestic training missions, planning must adhere to the flight 
rules contained in FLIP. 

Altimeter Errors. Two types of altimeter error enter into 
consideration when planning a low level mission. They are 
caused by (1) differences in barometric pressure along the route 
of flight and (2) known deficiencies in the altimeter. 

Navigators may obtain changes in barometric pressure along 
the route from the forecaster during the weather briefing or they 
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Figure 20-2. ‘‘D’’/Altimeter Setting Computation Graph. 
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can determine changes as they analyze in-flight weather before 
descending to the low altitude portion of the flight. Figure 20-2 
illustrates a ‘‘D’’/Altimeter Setting Computation Graph which 
is used to compute the altimeter setting for low altitude. The 
procedure is based on readings taken at high altitude, before the 
final descent to low level. 

The graph may be used to compute an altimeter setting for any 
true altitude. The data required for this computation are the *‘D”” 
values for any two altitudes. Obtain these ‘*D’’ values from the 
weather forecaster prior to departure, from the appropriate 
weather chart, from in-flight measured ‘‘D’’ values (by use of 
the radio altimeter or radar altitude measurements and pressure 


altimeter), or from in-flight weather forecast updates. ‘‘D”’’ 


equals true altitude minus pressure altitude. Altitude as 
observed on the radio altimeter (or measured by the radar set) 
plus terrain elevation is true altitude. Pressure altitude is read 
from the altimeter when it is set at 29.92 (standard day). 

Use of the graph involves three basic steps: 

1. Plot ‘‘D’’ values at two or more altitudes, and join these 
values with straight lines, extending the lines to other altitude 
levels as desired. 

2. Find the ‘‘D’’ value for some required intermediate altitude 
by graphical interpolation or by graphical extrapolation for 
some altitude beyond the plotted values. 

3. Convert this ‘‘D’’ value to an altimeter setting. 

Example: 

Given: Radar measured ‘‘D’’ at 30,000 feet MSL = + 
700 feet 
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Forecast ‘‘D’’ at 850 millibars = + 270 feet 
Find: The altimeter setting for 10,000 feet MSL 

_ Procedure: 

' 1. Mark the intersection of 30,000 feet MSL and ‘‘D’’ of + 
700 feet. 

2. Mark the intersection of 850 mb and ‘‘D’’ of + 270 feet. 

‘3. Draw a straight line between these two points. 

4. Find the intersection of this line with 10,000 feet true 
altitude. 

‘5. Read a ‘‘D’’ value of + 350 feet. 

6. Read straight down the columa ww te bottom scale and find 
that the altimeter setting for a ‘‘D’’ value equal to + 350 feet is 
30.30. 

If the altimeter is set for 30.30, the altimeter should read 
10,000 feet when the airplane is at a true altitude of 10,000 feet 
(plus or minus the altimeter error). 


CAUTION 


An altimeter setting computed by this method is accurate 

-Only for a given location at the altitude for which it was 

computed. For level-off at a low level flight altitude, an 
altimeter setting is also required for the level-off point. 


In the example given, the level-off altimeter setting could be 

extrapolated from the graph by extending the line as required. 
: Airspeed. Normally, low level missions are flight planned for 
airspeeds which make mental DR computations simple. These 
are 240 knots (4 NM per minute), 300 knots (5 NM per minute), 
360 knots (6 NM per minute), etc. 

While it is important to maintain a constant GS for accurate 
dead reckoning, the navigator may have to vary the GS to 
control the time of arrival at turning points and over the target. 

Fuel Planning. The problem of fuel consumption is a major 
consideration in low level planning. At low altitude, jet aircraft 
consume approximately twice the amount of fuel they use at 
high altitudes. In addition, combat sorties leave very small fuel 
tolerances for recovery. For this reason, the navigator must 
carefully plan all phases of the mission to conserve fuel. The 
navigator usually assists the pilot by closely monitoring fuel 
quantities. 

The fuel consumption problem is further complicated by the 
variable load requirements for specific missions. Therefore, 
compute the required amount of fuel carefully and hold excess 
fuel to a minimum. 

Weather Planning. On combat missions, there is no desig- 
nated minimum ceiling and visibility condition for low level 
flight. The wind velocities encountered at low altitude over land 
are generally light. However, because of surface friction, partic- 
ularly in rugged terrain, these winds tend to be very changeable. 
Because of this inconsistency and for reasons of simplicity, 
flight planning for high speed, low level missions over land is 
normally based on no-wind conditions. 

In planning low level missions over water, however, inclu- 
sion of the wind in the flight plan is a matter of utmost impor- 
tance. Overwater navigation depends entirely on dead reckon- 
ing because of the absence of checkpoints with which to estab- 


lish fixes and to make course corrections. 
Chart Selection 


Several charts are appropriate for low altitude navigation. 
One chart, which is specially designed for low level use, is the 
Operational Navigation Chart (ONC). The 1:1,000,000 scale 
permits identification of all visual and radar significant features, 
and the chart has excellent cultural and relief portrayal. For 
increased detail or slower-speed aircraft, the Tactical Pilotage 
Chart (TPC) (1:500,000) or a Joint Operations Graphic (JOG) 
(1:250,000) may be used. 

It is possible to ‘*mix’’ navigation charts. The en route por- 
tion of the low level mission can be plotted on an ONC, while 
the TPC or JOG chart may be used for the target area or for 
specific identification of checkpoints. Aerial reconniassance 
photos are helpful, though not always available. 

Annotate items of importance to navigation (turning points, 
descent points, high terrain, emergency airfields, etc) on the 
chart. Label preplanned fixes with planned range and bearing 
information. In all cases, the annotations should be neat and 
compact for quick reference. Since time is critical at high speeds 
and low altitudes, navigators must spend as little time as possi- 
ble interpreting the information on their charts. 


Planned Pacing 


Navigators must choose suitable topographic or cultural re- 
turns for in-flight fixing and must determine a pacing schedule 
to accommodate these fixes. They must plan the entire mission 
before takeoff. Consequently, what they accomplish in the air is 
merely a follow-through of what they have previously flight- 
planned. 

Since navigation demands flexibility, planning a pacing 
schedule involves two separate steps. First, a complete premis- 
sion plan is based on expected in-flight conditions. Then, an 
alternate plan is constructed, in case the unexpected happens. 
For example, a 120-nautical mile navigation leg, flown at 360 
knots, might accomodate three radar fixes. This plan becomes 
the primary pacing schedule for the leg. A secondary pacing 
plan might consider an unforeseen increase in groundspeed, and 
it would incorporate only two fixes. 

Another instance of flexibility in planning might involve an 
excellent radar return, situated 20 miles from the planned course 
line. This return might provide a fix if the aircraft maintained its 
planned altitude. But, if the in-flight altitude is lower than 
anticipated, the return could be hidden by high terrain, or it may 
not appear at all. Consequently, an alternate radar return should 
be planned. 


Route Study 


To insure success in low level missions, the navigators must 
complete a thorough study of the route. To plan for en route 
fixing, they should have an idea of how every point along the 
route will appear, either on the radarscope or visually. They can 
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often take advantage of directional characteristics of natural or 
cultural features during this route study to simplify the naviga- 
tion problem in the air. 

Radar Prediction. Radarscope interpretation can be pre- 
planned for low level flights. The navigator should note signifi- 
cant returns such as land-water contrast, outstanding terrain 
features, and towns. The time of year is also important since 
radar returns during the winter may not appear the same as they 
do in other seasons of the year. 

At low altitudes, the appearance of a radar return changes 
rapidly as the aircraft approaches or passes over or abeam of the 
return. Often, the best identifying features of a checkpoint 
cannot be distinguished by radar at low altitude. Because of this 
reduced radar range, the navigator should use dead reckoning 
procedures to verify and identify radar returns. Experience has 
shown that ‘‘no-return’’ areas, such as lakes and rivers, are 
more reliable for radar prediction and navigation because they 
furnish more accurate fixes than do towns or similar type re- 
turns. Tilt and gain settings are critical at low altitudes and must 
be closely monitored. Navigators can use radar navigation at 
low level very effectively in conjunction with the radar- 
computer unit. 
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Visual Prediction. In addition to the problems experienced in 
radar prediction, other problems are encountered when forecast- 
ing map reading fixes. Weather effects such as precipitation, 
smoke, haze, or blowing dust may obscure features intended for 
fixing. Visual navigation is especially difficult when looking 
into the Sun, particularly in haze conditions. 

Celestial. The instability of the aircraft during low level 
operations precludes the use of celestial observations. If possi- 
ble, compass deviation checks may be made shortly after 
takeoff. However, these checks are the exception rather than the 
rule if the entire flight is to be conducted at low level. 


IN-FLIGHT PROCEDURES 
Descent from Flight Altitude 


Procedures for descent to low level altitudes are outlined in 
tactical manuals and aircraft flight manuals. During the descent, 
continual aircraft positioning will insure that the aircraft reaches 
the initial planned low level altitude. 

Compute level-off altimeter settings using the ‘‘D’’/Altime- 
ter Setting Computation Graph shown in figure 20-2. Cross- 
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Figure 20-3. Off-Course Correction Tables. 
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Figure 20-4. Correction to Intercept Course. 


check these settings by adding the terrain elevation to the abso- 
lute altitude (measured by radar or radio altimeter) to obtain the 
true altitude. Set the true altitude in the altimeter and read the 
altimeter setting on the barometric scale. 


Maintaining Track 


To insure meeting controlled times of arrival and to avoid 
terrain hazards, the low level flight must be flown exactly as 
planned. Every low level navigation leg is planned within a 
flight corridor for safety-of-flight reasons. There are several 
ways to maintain course, each of which has advantages and 
limitations. Some of the methods are described here. 

Correction to a Point on Center Line. When radar is an 
available aid, the manual cursor can be used as a valuable tool in 
correcting the aircraft back to center line. The procedure first 
involves locating a suitable target on center-line and determin- 
ing the intercept desired to return to center line. The intercept 





od 
2 dae 


20-5 
















Ae 
aoe 
| ae 





15° ALTER = 12 MINUTES 
30° ALTER = 6.4 MINUTES 





HY ep ee iy Bere pews Ee SOE ets 


MINUTES 








correction (degrees of heading change) is an arbitrary deter- 
mination based primarily on the distance of the target from the 
aircraft. The closer the target is, the larger the correction should 
be. However, heading corrections should normally not exceed 
45 degrees. When this procedure has been accomplished, all 
that is required is amovement of the manual cursor to the desired 
intercept angle on the side of the scope opposite the target from 
360°, and turning the aircraft an equal number of degrees toward 
the radar return. When the target falls under the repositioned 
manual cursor the aircraft has returned to center line, and the 
heading correction should be taken out. 

Example: Aircraft 3 NM nght of course, target found 15 NM 
down course, 45 degree intercept. Move manual cursor 45 
degrees right (045 bearing), turn aircraft 45 degrees left (315° 
heading). When target is under repositioned cursor the aircraft 
has returned to center line and heading correction should be 
taken out. 

Thirty-Degree Intercept Method. The 30-degree intercept 
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method can be used when no target is available on course line 
but the relative aircraft position left or right of course is known 
and the aircraft is paralleling center line. The steps involved to 
intercept course are first to determine the distance the aircraft is 
from center line then double the distance. Second, determine the 
time needed to fly the doubled distance by using the current GS. 
Third, determine what the drift-corrected MH should be to cause 
the aircraft to parallel course. Fourth, turn 30 degrees in the 
direction of the needed left or right in relation to drift-corrected 
MH. Fifth. when the computed time for the double distance has 
elapsed, turn to the desired MH and the aircraft will be on center 
line. 

Example: Aircraft 3 NM right, GS 360 knot, MH 270 de- 
grees. Turn to 240 degrees and hold correction for 1 minute. 
Then, after 1 minute has elapsed, return to MH 270. 

Off-Course Correction Tables. Off-course corrections can 
also be determined using the table shown in figure 20-3. Enter 
from the top of the table with the miles off course, go vertically 
to the line representing miles flown, and read the correction to 
parallel. Do the same for the correction to converge, except that 
the ‘‘Miles Flown"’ represents miles to fly. Add the two correc- 
tions for the total course alter to converge. 

Correction to Intercept Course. The graph shown in figure 
20-4 is used when it is necessary to intercept course rather than 
converge at the turning point. To use this graph, the entering 
arguments are nautical miles off course and groundspeed. The 
table can be used for fixed alterations of 15°, 30°. 45°, or 60° 
Enter the graph on the left with nautical miles off course: go 
horizontally across the chart to the line representing ground- 
speed. Then. go vertically to the top or bottom (depending on 


the desired degrees to alter) to read the time required to intercept — 


course. After the alter is made and the indicated time has 
elapsed. make an alter to the original (or corrected) heading to 
maintain desired course. 


Time Control 


To provide positive control of several] aircraft flying related 
low level missions, each sortie is assigned a particular time to 
arrive at each designated turning point and over the target zone. 
Therefore, every ETA must be met within close tolerances. 

Annotate route legs on the chart with a series of small *‘speed 
lines’’ drawn across the leg. Space these speed lines. or **time 
ticks’*, | minute apart according to forecast groundspeed; for 
example. 6 nautical miles apart for a planned groundspeed of 
360 knots. These speed lines begin at the low level entry (start- 
ing) point and continue through the entire route to the target. 
With these speed lines, the navigator can check the time over 
each speed line and keep a running account of whether the 
aircraft is ahead of, or behind. the required time schedule. If the 
need for an increase in groundspeed is apparent, the navigator 
may increase airspeed or plan to turn short at the next turning 
point. 

Once the need for a change of groundspeed is apparent. the 
navigator needs some established method to accomplish this 
change accurately and quickly. Two methods that are simple and 
accurate are the 10% method and the incremental method. 
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10% METHOD GRAPH 

FLIGHT PLAN GS = 300 
10% = 30 KNOTS 


Time to Hold 
Speed Change 


seconds 
to 
gain 


or 





Figure 20-5. 10% Method Table. 


Ten Per Cent Method. The navigator first must determine the 
amount of time to gain or lose. This amount is calculated by 
taking 10% of the flight-planned groundspeed. (10% x 300 
knots = 30 knots). The rule states that holding the 10% increase 
or decrease of flight-planned ground speed for 10 minutes gain, 
or lose 1 minute. This also means that one can gain or lose 6 
seconds for every minute the adjustment is maintained. To apply 
this method, the navigator determines the 10% factor during 
mission planning. (See figure 20-5.) 

Example: \n flight, the navigator determines he or she is 35 
seconds late. The navigator now increases the flight plan 


_ groundspeed by 10% and holds it for 7 minutes. 


Incremental Method. To determine the increment, you must 
find your miles per minute (300k = 5 miles per min). Multiply 
that by 10 to get the increment (5 x 10 = 50k). Determine time 
data ahead or behind, then convert to seconds (2 min = 120 
secs). Divide this time by 10 to get the number of minutes to hold 
the correction. The rule of thumb states that if the increment is 
held for | minute, you will gain or lose 10 seconds. (See figure 
20-6). 

Both of these methods are based on flight planned ground- 
speed. The increase or decrease is applied to the flight planned 
GS not the GS currently being flown. If flight plan GS is 300 
knots, using the 10% method to gain time, one would fly 330 
knots. 


Fixing 


Low altitude radar or visual navigation is a combination of 
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dead reckoning and precision fixing. The DR position is essen- 
tial, since it is difficuit to differentiate among returns at low 
levels. Without an accurate DR position, it is possible to misin- 
terpret the pattern of returns surrounding the aircraft. To in- 
crease the chances of selecting correct returns and plotting 


INCREMENTAL METHOD 
GS = 300 MILES/MIN. = 5 INCREMENT = 50 


ee 
= 











re 


Figure 20-6. Incremental Method Table. 
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accurate fixes, draw a line from the return through the course 
line, at a predetermined bearing. When taking a fix, plot dis- 
tances from the returns on the preconstructed bearing lines. 

Remember, both of these methods are based on flight planned 
groundspeed. All the work involved can be accomplished dur- 
ing mission planning. If one wishes, a graph can be constructed 
for reference in flight. 

Estimating Distances. Estimating distance from the air is a 
skill that comes with practice and experience. The altitude of the 
aircraft determines the distance at which checkpoints or objects 
are visible. The higher the altitude, the farther one can see and, 
consequently, the shorter all distances appear. The best way to 
acquire this skill is to measure the distance between two land- 
marks on the chart along each leg of the route and compare this. 
known distance with the way it actually appears from the air- 
craft. 

Crew Coordination. Specific coordination must be effected 
between the navigator and other aircrew members. The relative- 
ly short period of time available to observe and identify check- 
points makes any possible assistance from other crewmembers 
of vital importance to the navigator. The success of the mission 
ultimately depends upon crew coordination. 


SUMMARY 


The most important phase of the low level mission is the flight 
plan. If the mission is planned well and there is good crew 
coordination, mission success ts greatly enhanced. Consequent- 
ly, navigators should (1) know what aids will be available, (2) 
be familiar with all phases of the particular mission and study 
them until a clear mental picture of the flight emerges, and 
finally, (3) maintain good, reliable in-flight DR procedures. If 
the navigator does all this, the low level mission will be greatly 


simplified. If not, the chances of success are proportionately 
reduced. 
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Chapter 21 


AERIAL DELIVERY AND AIR REFUELING 


INTRODUCTION 


Placing a weapon on the target, aerial delivery of troops and 
supplies, or a photo reconnaissance mission require many of the 
same techniques. Typical mission profiles consist of high alti- 
tude flights to the general target area, then a descent and a low 
_ altitude flight to the target so as to avoid enemy detection and 
defenses. Timing on the low altitude portion of many aerial 
delivery missions is critical, and precise arrival over the target 
or drop zone must be carefully planned and executed. 

The low altitude portion of the mission can be used to advan- 
tage in updating ballistics or computed air release point (CARP) 
information, as well as for turning on or rechecking camera 
equipment for a photo reconnaissance mission. 

The solution of the ballistics for a bomb drop or the CARP for 
an aerial delivery requires similar data and methods of solution. 
Examination of the problem shows that locating the proper point 
in space from which to release is, in theory, a simple airplot 
problem. Any object dropped from an aircraft is affected by 
certain factors. Among these are aircraft airspeed, altitude 
above the target, air resistance upon the object being dropped, 
and wind effect. In photo reconnaissance, drift of the aircraft 
and altitude are significant in establishing the aircraft on the true 
heading so that the cameras are properly aligned to accomplish 
the mission. 


A 








Figure 21-1. Horizontal Bombing Problem. 


Sophisticated computers have been designed that greatly sim- 
plify locating the release point. However, the navigator must 
still insure that timing and adherence to a preplanned route of 
flight to this release point are maintained. These, too, are 
important factors in a successful aerial delivery. 


THE BOMBING PROBLEM 


Precision bombing is the heart of the bombardier’s profes- 
sion. Quite literally, success as a navigator is measured in miles 
and minutes, but success as a bombardier is measured in feet 
and seconds; often fractions of seconds. The navigator rounds 
off many values and still turns out a first-rate job; the nature of 
the bombing problem forces the bombardier to observe exacting 
tolerances and eliminates the margin for guesswork. 


Bomb-Nav System (BNS) 


The bombing problem is mathematically resolved in the 
bomb-nav system computers to solve for what is technically 
termed the bomb resolver locus (BRL). This is the computed air 
position of the target. It is located upwind of the target by the 


AIR POSITION 
OF RELEASE 
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Figure 21-2. Vertical Bombing Problem. 


amount of wind effect. Also computed by the BNS is the correct 
release heading of the aircraft and the time the weapon is to be 
released. The bombing problem can be viewed in two planes, 
horizontally and vertically, but both planes are solved simul- 
taneously in the BNS (figures 21-1 and 21-2). 


Horizontal Problem 


To determine the release heading, the BNS must be able to 
locate the target to determine wind effect on the bomb. By 
placing the crosshairs (electronically generated signal on the 
radarscope) on a radar return, the operator identifies the target 
for the BNS. By resolving for wind effect on the bomb against 
time-to-go to impact, the BNS provides release heading and 
range to the bomb resolver locus. 


Vertical Problem 


The vertical problem is concerned with establishing the time 
of release. To determine the exact time of release, two things 
must be known: how long the weapon will be :n the air from 
release until impact, and how far away in time the weapon is 
from the target. Released too soon, the bomb falls short; re- 
leased too late, the bomb falls beyond the target. The time from 
release to impact is taken from ballistics tables and set into the 
computer. Because of the shape and size of a bomb and delivery 
with or without a chute, separate tables are consulted for each 
type bomb. The system then computes the time remaining to 
impact when the crosshairs are placed on the target. 

To illustrate a typical bomb run, the bombardier places the 
crosshairs on the aiming plot and sets the bomb computers into 
operation. The pilot centers the directional indicator that aligns 





the aircraft on the computed heading for release, and may give 
the bombardier steering control of the aircraft by way of an 
autopilot hookup. The bombardier checks true airspeed and 
altitude to assure that the ballistics settings are still correct. At 
some value of range, depending upon the BNS in use, the timing 
meter will start; this provides the countdown to bomb release. 
While it appears only a matter of keeping the crosshairs on the 
aiming plot, the bombardier is actually furnishing the BNS with 
all the inputs needed to solve the bombing problem. A few 
seconds prior to ‘‘bombs away,’’ the bomb bay doors open; at 
‘‘bombs away,”’” a signal is sent to the release circuits and the 
weapons are dropped. Steering of the aircraft is again turned 
over to the pilot for return to home base. Whether the bomb is 
delivered by a B-52 or an F-4, the principles are the same and 
the bombing problem is solved in a similar manner by compu- 
ters. 


COMPUTED AIR RELEASE POINT 


The computed air release point system is the standard tactical 
drop system. Commonly referred to as a CARP, it is a scientific 
approach to a parachute bombing problem. Mathematical in 
nature, a CARP is based on average parachute ballistics and 
fundamental dead reckoning principles. 

Aircraft commanders are responsible for insuring that a 
CARP solution is computed and used in all parachute operations 
not using a ground-marked or electronic release point; however, 
the navigator is responsible for the actual solution of the CARP 
(figure 21-3). The pilot and the navigator jointly confirm the 
offset distance for the CARP. The pilot assumes the responsibil- 
ity for maintaining the offset distance and required track. The 
navigator picks the timing point, controls the time to release, 
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Figure 21-3. Computations for Computed Air Release Point. 
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and continually cross-checks the offset distance. Both pilot and 
navigator must have complete cooperation and teamwork. 


Governing Factors 


CARP is primarily concerned with the point of impact of the 
first parachute-supported object. The actual ground pattern of 
the remaining airdropped personnel and (or) equipment depends 
upon: 
¢ Time lapse between the initial signal to jump or eject cargo, 
and the time of last exit. 
¢ Aircraft stability from the computed air release point through- 
out the jump or ejection period. 
¢ Uniformity of loads and (or) parachute types within elements. 
¢ Glide angle of individual parachutes. 

e Aircraft track along the drop zone. 


Initial Point (IP) 


The initial point must be chosen with care and must be a 
prominent yet a relatively small checkpoint, and should be 
located a sufficient distance from the drop zone to allow slow- 
down to drop airspeed, performance of slowdown maneuvers, 
and for any respacing of formation that might be required. The 
IP should be located as close as possible to the axis of the drop 
zone (DZ). 


Timing Points 


The location of the timing point should be as close as possible 
to the release point. It is difficult to position an aircraft exactly 
over a small geographical checkpoint without some type of 
sighting device; therefore, for precision drops, timing points 
- should be used to determine when the aircraft has reached the 
computed air release point. When the computed air release point 
falls abeam a small, easily recognizable checkpoint, a timing 
point is unnecessary. 

During daylight VFR conditions, the timing point 1s selected 
after computing and plotting the air release point. This timing 
point must be visible as the aircraft passes it, yet be as close to 
course as possible so that an accurately timed run can be made to 
the CARP. 

For night operations or low visibility conditions, two timing 
points should be chosen prior to takeoff and marked by the 
combat control team. These timing points should be located 
equidistant from the designated point of impact back along the 
approach axis of the drop zone. The exact location of these 
timing points must be known by each crewmember. 


Parachute Ballistics 


The ballistics of different types of parachutes vary. Each 
parachute has been designed for a specific purpose and has its 
own peculiar characteristics. Personnel parachute ballistics are 
the most accurate as they open rapidly and are deployed by a 
Static line of specified length. The parachute ballistics used in 
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the solution of the CARP system for forward travel time and 
vertical distances are averages which are accurate enough to 
warrant their use on airdrops. | 

One important ballistic of parachutes, which is not consi- 
dered in CARP and which cannot be taken into consideration in 
any parachute delivery technique, is the gliding characteristics 
of each parachute. A parachute glides in many different direc- 
tions during its descent and these different directions tend to 
cancel out. If this were not the case, it would be extrememly 
difficult to obtain the desired accuracy, even if other variables 
(such as wind effect and aircraft positioning) were negligible. 
For example, the T-10 parachute has a gliding angle of 18 
degrees from the vertical. This gliding effect of the parachutes is 
what makes them appear to drift under no-wind conditions. 


Components 


Vertical Distance—the distance in feet the parachute and load 
fall during the deceleration time. 

Rate of Fall—the rate of fall expressed in feet per second of 
each particular parachute after it has become completely de- 
ployed as governed by the combined weight of the parachute 
and load. This rate of fall becomes the adjusted rate of fall when 
corrected for nonstandard temperatures. 

Time of Fall Constant—the elapsed time from exit of the load 
until full deployment of the parachute minus a constant to 
compensate for the reduced forward speed and increased drift 
during the deceleration period. 

Forward Travel Time—the time from green light (signal for 
release) to exit of the parachutist or equipment/supply bundle 
from the aircraft plus a deceleration constant to compensate for 
the reduced forward speed and the deceleration period (figure 
21-4). 

Forward Travel Distance—the distance along the track of the 
aircraft that the load travels from green light to full deployment. 
The forward travel time must be multiplied by groundspeed to 
obtain this distance. The forward travel time in seconds is 
converted to forward travel distance in yards on the computer by 
the formula: 

Groundspeed — Forward Travel Distance (Yards) 
1.78 Forward Travel Time (Seconds) 

Drift Effect—the drift effect is the distance the parachute and 
load drift (under wind effect) during the total time of fall. This 
effect depends upon the total time of fall of the parachute load 
and the wind direction/velocity. Drift effect can be computed by 
using the following procedures. 

Step 1. Find the time of fall by dividing the deployment 
altitude by the adjusted rate of fall to find the number of seconds 
required for the parachute to descend from that point where it is 
fully deployed to the ground. Since the parachute starts to drift 
as soon as it leaves the aircraft, add the time of fall constant to 
the time of fall to determine the total time of fall which is the 
number of seconds the load is falling free of the aircraft and 
affected by the wind. 

Step 2. Then multiply the total time of fall by the wind 
velocity to find the wind effect. The formula is: 
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Figure 21-4. CARP Time Diagram. 


Wind Speed — Drift Effect (Yards) 


1.78 Total Time of Fall (Seconds) 

Plotting CARP—the forward travel distance and drift effect 
have been discussed in the sequence in which they occur; 
however, the CARP is plotted as follows: 

Step |. Starting from the point of impact, plot the forward 
travel distance back along the DZ axis. 

Step 2. Plot the drift effect upwind from the end of the 
forward travel vector. The end of the drift effect vector is the 
CARP (figure 21-5). 


PHOTO RECONNAISSANCE 


Tactical photo reconnaissance provides most, if not all, of the 
prestrike and poststrike photos of enemy troops and supplies, 
Staging areas, behind-the-line enforcements, and the results of 
previous air and ground strikes against the enemy. The capabil- 
ity of the RF-4 to photograph moving targets is legendary and 
made possible by ultrasophisticated sensor systems. These re- 
connaissance sensors include optical cameras for day or night 
photography using flash cartridges, side-looking radar which 
affords the capability for recording moving vehicles several 
miles away, and infrared sensors which can detect even a single 
vehicle under a jungle canopy. 

The primary sensors are the optical cameras which provide a 
varied coverage capability of many square miles; a mosaic shot 
at 30,000 feet for surveying a large area or a pinpoint photo of 
Y%-square mile area shot from 3,000 feet. 

A camera such as the nose-mounted KS-87 can be fitted with 
one of four different lens focal lengths to photograph an area 
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Figure 21-5. CARP And DZ Diagram. 
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Figure 21-6. Night Photography (Pinpoint). 


equivalent to one-fourth of the aircraft altitude up to one and 
one-half times the aircraft altitude (figure 21-6). Flying at 
10,000 feet with a 3-inch lens focal length camera, each frame 
will produce a picture 15,000 by 15,000 feet. 

The optical system has the capability of processing its own 
film in flight, so that the film cartridge can be dropped via 
parachute to a remote outpost, providing instantaneous intelli- 
gence evaluation of the target area. 

To provide complete coverage of the selected targets, three 
cameras may be used simultaneously. Infrared sensors are used 
in conjunction with these cameras to spot objects not seen by the 
eye or recorded by the cameras. A typical arrangement for a 
low-level run would include a nose-mounted camera which is 
aligned along the track of the aircraft; a centrally mounted, 
horizon-to-horizon panoramic camera that provides photogra- 
phy beneath and to the side of the aircraft; and two oblique 
cameras which produce images of the same general area but 
which will function also as a backup for the other units (figure 
21-7). 

While this setup allows planning flexibility, it does not allow 
for simple in-flight changes to the mission parameters. Predeter- 
mined altitude, airspeed, and available film footage are critical 
to each mission and the run must necessarily be accomplished as 
briefed. 

To assure adequate detail of the target, the photo intelligence 
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personnel will request a certain scale for the required photogra- 
phy. Based upon this, the crew will compute the airspeed, 
altitude, and number of feet of aircraft travel per frame exposed 
to arrive at a requirement for film footage. One mission alone 
can require as much as 1,000 feet of film. 

The problem of assuring location and coverage of targets in 
daylight is usually solved by the pilot’s use of the viewfinder; 
but, when using cartridges to illuminate the target on a night 
mission, the navigator must be depended upon to fully use every 
bit of professional knowledge and skill. To eject the flash 
cartridges at the correct interval to light the target, the initial 
point must be made good with split-second timing, the altitude 
cannot vary nor can the speed of the aircraft or the cartridges 
will fire sooner or later than the exact moment of target passage, 
and the mission will be something less than successful. Crew 
coordination deserves emphasis here and, as on any critical and 
highly demanding mission, the professional approach to the 
problem is the only method that will guarantee first-class photo 
intelligence results. 


AIR REFUELING 


Global air refueling has become the primary means of extend- 
ing US air power worldwide. The decrease in operating bases on 
foreign soil and the application of aircraft for roles in command 
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Figure 21-7. Multi-Sensor Low Altitude Profile (Camera Area Coverage). 


and control, logistics, long range reconnaissance, etc, has ex- 
panded the role of air refueling to support all Air Force missions. 
While the SAC tankers crews’ primary function remains the 
refueling of bombers in support of the SAC Emergency War 
Order (EWO), they are also called upon to provide support to a 
wide range of operations—operations that include most of the 
US Air Force’s aircraft and some friendly foreign nations. The 
information contained in this section is general and nondirective 
in nature. Specific command directives should be consulted if 
aerial refueling operations are being planned. 


MISSION PLANNING 


Mission planning requires close coordination between the 
tanker crews and receiver crews. The crews should be thorough- 
ly familiar with the following in order to adequately plan for the 
mission: 

Rendezvous Initial Point (RZIP), if applicable 

Air Refueling Initial Point (ARIP) 

Air Refueling Control Point (ARCP) 

Air Refueling Control Time (ARCT) 

Air Refueling Altitude(s) 

Air Refueling Abort Point 

Air Refueling Exit Point 

Number of receivers (each element/cell and total) 

Tanker and receiver call signs 

Standby tanker requirements 

Cell or individual tactics 

Rendezvous air refueling frequencies and beacon settings 


Fuel off-load/on-load requirements 

Air traffic control clearance limits 

Recovery and emergency bases 

Additionally, when ARCPs are located above 60° north lati- 
tude, polar navigation (USAF Grid) may be required. Grid 
courses may vary significantly from one type projection to 
another. 


COMMUNICATIONS 
General 


During air refueling operations, communications between 
tanker and receiver flight crews must be a highly coordinated 
effort. Unless otherwise directed, communication between 
tankers and receivers is maintained during all normal rendez- 
vous, precontact, and air refueling operations. Voice transmis- 
sions should be held to the absolute minimum required. The 
following radio calls should normally be made: 

1. Initial radio contact prior to the rendezvous control time. 

2. After passing the ARIP and up to 2 NM in trail, report 
commencing and completing all altitude changes to tanker lead- 
er, unless security would be compromised. 

3. Radar-equipped receivers will call when positive radar 
contact with the tanker is established and notify the tanker if 
radar contact is subsequently lost. 

4. When visual contact between tanker(s) and receiver(s) is 
established or lost. 
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5. When the receiver is stabilized in the precontact position. fuel to be transferred should be covered in the briefing for each 
6. When contact or disconnect is made during air refueling. crew. 


7. To acknowledge when ready for contact. 2. The receiver director lights (red only) may be actuated 
8. To notify boom operator prior to using manual emergency _ with the receiver director light switches, when in the ready 
boom-latching procedures. condition, to aid in positioning the receiver. A steady red light 
will indicate a large correction, and a flashing red light will 
Oral Communications indicate a small correction in the direction indicated by the red 
director lights. 
The following terminology will be used as a guide when oral 3. If the need for an emergency breakaway occurs during 
instructions are necessary: | planned radio silence air refueling, oral breakaway procedures 
STABILIZE—Hold receiver steady in present position. should be initiated. 
FORWARD—Move receiver forward. If an emergency air refueling is required without two-way 
BACK—Move receiver backward. radio communication or during practice radio silence air refuel- 
DOWN—Descend receiver. ing, the visual signals shown in table 21-1 should be used: - 


UP—Ascend receiver. 
RIGHT—Move the receiver right. 
LEFT—DMove the receiver left. 
RENDEZVOUS PROCEDURES 


Visual Signals 


Track 
Radio silence air refueling is conducted by use of visual 
signals. The following precautions and procedures are normally When utilizing point parallel rendezvous procedures, the 
observed: inbound track of receivers to the ARCP has a definite bearing on 


1. The method, time, and place of rendezvous and amount of _ the success of the rendezvous. Receivers should pass over the 


able 21-1. Visual Signals 


SIGNAL INDICATION 
1. Boom in trail | 
(a) extended 10 feet *Ready for contact 





|. Tanker manual operation without 
tanker disconnect capability. 
2. Acknowledge receiver’s MBL signal. 


(b) fully extended 






(c) fully retracted Offload complete 
2. Boom Stowed: 
(a) fully retracted Tanker air refueling system inoperative. 
(b) extended 5 feet System malfunction, tanker and receiver 
| check air refueling systems 
3. Tanker lower rotating beacon ON/ BREAKAWAY 
flashing receiver director lights 
4. Receiver director lights going Tanker request for disconnect, receiver 
out during contact return to precontact position 
5. Receiver closing and opening receptacle 1. Manual boom latch 
door when in precontact position 2. Acknowledge tanker’s manual operation signal 
6. **Steady light from receiver or Emergency fuel shortage exists 
rock wings 


* —Receiver(s) in the observation position will move to the precontact position in their briefed sequence only after insuring that the 
boom is in the ready for contact position and the preceding receiver has cleared the tanker. The receiver will stabilize in the 
precontact position, then move to the contact position. The boom operator will not give the ready for contact signal until the 
preceding receiver has cleared the tanker. 

** If fuel shortage occurs at times other than scheduled air refueling, the receiver should be positioned so the signal may be seen 

from the tanker cockpit. 
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ARIP, if applicable, and make good the planned inbound track 
to the ARCP. If this is not possible due to weather, etc, tankers 
Should be informed of the receivers’ intentions as soon as 


practical. 
Weather 


Special weather services are required to support operations 
imvolving air refueling and certain weather support procedures 
should be used. It is paramount to the success of these opera- 
tions that a single, coordinated forecast be provided to the 
agency having overall control (making launch decisions). It is 
also imperative that a close meteorological watch be maintained 
throughout an operation to aid in making recalls, diversions, 
etc, if unexpected weather conditions critical to the operation 
occur. 


Basic Rendezvous Procedures 


The basic types of rendezvous procedures are point parallel, 
buddy, and en route refueling (FB-111). All other procedures are 
modifications of the basic types. The type rendezvous utilized 
will be dictated by mission requirements, available equipment, 
and weather conditions. 

When flying in cell, if either the tanker or receiver leader 
cannot make electronic contact well enough to effect the rendez- 
vous, the leader should direct other airplanes in that cell to 
attempt contact. An airplane successful in establishing electron- 
ic contact with the other force will advise the cell leader, who 
will either direct the rendezvous based upon that information or 
permit that airplane to effect the rendezvous. It should always be 
clearly established between the tanker and receiver leaders 
whose equipment is being used for the rendezvous. 


Point Parallel Rendezvous (Figures 21-8 and 21-9) 


The tanker rendezvous beacon (AN/APN-69 or AN/APN- 
134) will be used as the primary electronic means for the 





APPROXIMATE 
ARIP 


100 NM 


RECEIVER'S 
A A INBOUND 
COUNTDOWN 70 NM 50 NM RANGE TRACK 
FOR TANKER RANGE . CALL 
TURN TO CALL 
RECIPROCAL 
TRACK 


Figure 21-8. Point Parallel Rendezvous. 
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rendezvous with the receiver rendezvous beacon being utilized 
as secondary or backup when such equipment is installed. When 
the receiver beacon is used as primary, the tanker navigator will 
be responsible for range calls and course corrections. A/A 
TACAN, if installed, should be used as a reference to receiver 
position during electronic rendezvous. A UHF/DF check should 
be accomplished during each rendezvous to determine AN/ 
ARA-25 useability. The receiver communicates with the tanker 
as far from the ARCP as possible. On the initial call, the 
receiver should give its ETA to ARCP, rendezvous beacon 
reception, and range if in electronic contact. The tanker should 
inform the receiver of any change in ARCP and confirm air 
refueling altitude. 

The receivers will attempt to identify the tanker’s rendezvous 
beacon as soon as possible, but in any case no later than ARIP, 
so that an alternate means of rendezvous may be used if neces- 
sary. Both receiver and tanker should acknowledge initial 
beacon contact by radio, transmitting in the blind if necessary, 
and will confirm identity by going to standby on their beacons 
when requested. To aid the receiver in identifying the tanker, if 
the tanker does not receive a communication from the receiver, 
by a specified time, the tanker will transmit in the blind giving 
the information normally given during initial radio contact. The 
tanker should also flash the rendezvous beacon from ON to 
STDBY at a predetermined time prior to the ARCT. 

After the tanker has departed its orbit on the reciprocal of the 
receiver’s track, proper offset from the tanker must be main- 
tained by the receiver. 

The receiver monitors the range and begins a range count- 
down. 

Receivers begin a descent at a predetermined range from the 
tankers beacon, or at a specific range prior to the ARCP, if not in 
radar contact. The receiver level-off altitude provides a | ,000- 
foot separation between the highest receiver and tanker leader’s 
base altitude. 

At a specified range call (ARIP call with no range available), 
the tanker turns to the reciprocal of the receiver’s inbound track. 
If the tanker is flying on the receiver’s inbound track, it should 
immediately execute a turn to the left, 30 degrees bank, to the 





AIR REFUELING 
TRACK 






ARCP END 
A/R 
START A/R 
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BEGIN DESCENT 80 NM 


100 NM TURN RANGE CALL 


70-NM RANGE CAIL 
RANGE CALLS 
CONTINUED 


COUNTDOWN TO TURN 
RANGE CALL 


LEVEL OFF 1000 FT 
BELOW TANKER BASE 
ALTITUDE UNTIL VISUAL 
CONTACT IS ESTABLISHED 


Figure 21-9. Point Parallel Rendezvous Profile. 


reciprocal track. If it is already on the reciprocal track, it should 
maintain that heading. The receiver monitors the range and 
begins a range countdown. Receivers begin a descent at a 
predetermined range from the tankers beacon, or at a specific 
range prior to the ARCT, if not in radar contact. The receiver 
level-off altitude provides a 1,000 foot separation between the 
highest receiver and the tanker leader’s base altitude. At a 
specified range call (ARIP call with no range available), the 
tanker turns to the reciprocal of the receivers inbound track 
(figure 21-10). If the tanker is flying on the receiver’s inbound 
track, it should immediately execute a turn to the left, 30 
degrees bank, to the reciprocal track. If it is already on the 
reciprocal track, it should maintain that heading. The receiver 
will continue to monitor the range, and continue the countdown 
to the turn range, which varies from aircraft to aircraft. 
Ranges are measured directly from aircraft to aircraft. The 
tanker turns inbound to the ARCP at the turn range and adjusts 
to the appropriate air refueling speed during the turn. For FB-111 
and fighter aircraft (except A-10), the tanker adjusts to air 
refueling speed as directed by the receiver. The tanker calls the 
receiver when the tanker is halfway through the turn back to the 
ARCP. This call is important for receiver spacing and is the most 
probable time for visual sighting. The last tanker in a cell should 
turn the APN-69/APN-134 beacon to operate, single code, on 
rollout to rendezvous/refueling heading. The receiver pilot 
advises the tanker when visual contact is established, but con- 
tinues to make forward range calls until in the precontact posi- 
tion. 


Buddy Rendezvous 


Buddy rendezvous procedures are utilized when the tanker(s) 
and receiver(s) approach the ARCP on a common track by 


taking off from the same base and joining up, or by joining up at 


a common point en route. 
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Figure 21-10. Turn Range for B-52, C-5A, E-3, E-4, and 


C/EC/RC/KC/WC-135 Receivers. 
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rar Ke r force; however, mission requirements may dictate other- 
jf ma. se. Search radar and AN/APN-69 (as required) should be 


‘@ueraft should establish radar contact with the preceding air- 
aane as soon as possible. 
a ircraft normally take off at 1 minute intervals; however, this 


A buddy departure is effected when the tanker(s) and receiv- 
er(s) take off from the same base and visual contact is main- 
tained. When possible, a planned turn should be included in the 
outbound leg to expedite closure. 

Tankers and receivers normally take off in elements of one 
tanker plus one or more receivers. Each tanker in a refueling 
element takes off first, followed after a specific period of time 
by the first receiver(s) in this element. When weather conditions 
are such that join-up at cruise altitude can be assured, or receiv- 
ers have radar capability, the following procedures may be 
utilized: 

The tanker cell takes off first, usually at 1-minute intervals, 
followed by the receiver element. Takeoff timing for the receiv- 
er element may be adjusted to permit both tankers and receivers 
to climb at their normal speeds with receivers leveling off 
behind the tankers. 


En route Refueling Rendezvous (FB-111) 


This type procedure is used to establish both the receiver 
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(FB-111) and the tanker to cruise at their respective optimum 
altitudes prior to refueling. Tankers and receivers normally fly 
individual flight plans to the RZIP where join-up and descent is 
accomplished. 

Either tanker(s) or receiver(s) may be scheduled to arrive at 
the RZIP first, orbit if necessary, and then depart at a preplan- 
ned time. 

The refueling track consits of an RZIP, ARCP, and the End 
AR point. The RZIP in relation to the ARCP is specified in 
specific directives or operational plans. Delays, if required, will 
be accomplished by orbiting upstream of the RZIP along an 
extension of the track from the RZIP to the End AR point. Orbit 
in a racetrack pattern using 30-degree banked turns and a max- 
imum of 15 NM straight legs (unless operational directives or 
clearance specify longer straight legs). 

Tanker and receiver cells should be established in their re- 
spective Air Refueling Formations prior to departing the RZIP. 

Except for radio silence operations, if radio communication 
has not been established prior to the RZIP rendezvous control 
time or adjusted control time, tankers maintain altitude and 
delay at the RZIP. In the event of an emergency fuel situation, 
receiver(s) begin a descent if radio communication has not been 
established prior to the RZIP rendezvous control time minus | 
minute. Tankers begin descent at the RZIP rendezvous control 
time and all aircraft depart the RZIP for the ARCP so as to make 
good the ARCT. Delays at the ARCP should be as specified for 
normal orbit. 


SUMMARY 


Air refueling requires a coordinated effort between tanker and 
receiver crews in all phases, from mission planning on. Crews 
need to be thoroughly familiar with the correct communications 
procedures in flight. 

There are three basic rendezvous procedures— point parallel, 
buddy, and en route refueling. All other procedures are mod- 
ifications of the basic types. 


Digitized by Google 
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Chapter 22 


WEATHER STATION SERVICES 


As navigators gain experience, they are able to select the most 
accurate data available and integrate it into a system of naviga- 
tion that best fits existing flight conditions. A knowledge of 
weather conditions that may be expected in flight is provided 
aircraft members by the base weather stations. Since weather is 
a prime factor affecting any flight, it is important that the 
navigators have a thorough understanding of weather informa- 
tion and the services available to them. 


WEATHER CHARTS 


The Air Weather Service (AWS) assembles weather informa- 
tion from all regions of the world to provide the Air Force with a 
worldwide forecasting service. This weather information is 
collected at regular and frequent intervals from thousands of 
observing stations. The Air Weather Service has comparatively 
few stations; therefore, it depends upon civilian weather serv- 
ices for data concerning North America. Ships, aircraft, and 
stations of other U S military services also furnish information. 
The surface and upper air data observed by stations throughout 
the world are collected and plotted on surface and constant 

_ pressure charts. 


Surface Charts 
The station circle illustrated in figure 22-1 is used on the 


facsimile surface charts. The facsimile surface chart (weather 
map) is distributed every 1 1/2 to 2 hours; from these charts, 


TYPE OF HIGH CLOUD —___________________________“Y 


Le 


TEMPERATURE °F 


3! 


PRESENT WEATHER ——————_ 
ae %# 


TOTAL AMOUNT OF SKY ae 


COVERED BY CLOUDS 


TYPE OF MIDDLE CLOUD 


TYPE OF LOW CLOUD 


DEW POINT °F _ O 


NOTE: Symbols pertinent to the pilot are underlined. 


a Sa a, ae 


1-2 knots S knots 


10 knots 





forecasters obtain a picture of conditions existing at the time of 
the observations. 

When charts are prepared for facsimile transmission by the 
National Weather Service, AWS Weather Centrals, and Fore- 
cast Centers, only the most important information such as wind 
speed and direction, temperature, dew point, and existing 
weather is included. The weather analysis depicted on the sur- 
face chart in figure 22-2 illustrates: 
¢ Surface frontal position 
¢ Pressure system centers 
* Precipitation areas and type 
* Isobars (lines connecting points of equal pressure) 

Weather which is hazardous to flight is indicated in red 
symbols. 


Surface Prognostic Charts 


Surface prognostic (forecast) charts are prepared by NMC, 
AWS Weather Centrals and Forecast Centers. They are transmit- 
ted via facsimile network and teletype bulletins. 

These charts can also be prepared by the forecaster when 
circumstances require. Figure 22-3 shows a prognostic chart 
which depicts the expected position and orientation of fronts, 
pressure systems, cloud patterns, and other areas of weather 
significant to flying operations. Prognostic charts are valid for 
12 to 72 hours after the time of preparation; most mission 
planning is based on a 12- or 18-hour prognostic chart. 


SEA-LEVEL PRESSURE 


BAROMETRIC CHANGE 

———, IN PAST 3 HRS. 
BAROMETRIC TENDENCY 

+2 B~ —— IN PAST 3 HRS. 


WIND DIRECTION 


Pr a ae ca WIND SPEED 


< AMOUNT OF PRECIPITATION 
4 5 LAST 6 HRS. 


Example 


Wind speed of 25 


50 knots knots from 100°. 


Figure 22-1. Plotted Data Around Station Circle on Facsimile Surface Chart. 

























Figure 22-2. Surface Chart Prepared in Weather Station. 


After careful study of current and prognostic charts, forecast- 
ers rely on their training, experience, and judgment to make 
local and operational forecasts. 


Constant Pressure Charts 


Upper air data for selected standard pressure levels are plotted 
on constant pressure charts and analyzed. The information is 
obtained by upper air soundings supplemented by aircraft in- 
flight reports (AIREP). The aircraft report may be the only 
information available to the forecaster for overwater areas or in 
areas where there are minimum reporting stations. 

The standard pressure levels, for which constant pressure 
charts (CPC) are constructed and transmitted on facsimile, are 
shown in figure 22-4. A typical constant pressure chart for the 
300-mb level is illustrated in figure 22-5. These charts are 
prepared from OOO0Z and 1200Z observations. The CPC analy- 
sis illustrates: 
¢ Contour lines (lines of equal true altitude) 

* Isotherms (lines of equal temperature) 
* Isotachs (lines of equal wind speed) 

* Height centers (highs and lows) 

¢ Region of maximum wind 

Current facsimile constant pressure charts are prepared with 
computer inputs. All of the foregoing five fields of data listed 
will not appear on any given‘chart but can be determined from 
any series of charts for all standard levels. 

The constant pressure charts, together with surface charts and 
other charts and diagrams, present a three-dimensional picture 
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of the atmosphere. The combined information from constant 
pressure charts and surface charts furnishes the user with: 

¢ Wind direction and speed at specific levels. 

¢ Temperature and dew-point depression (temperature dew- 
point spread). 

e ‘‘P—P’’ value and expected drift. 

¢ Intensity, speed, and direction of movement of frontal and 
pressure systems. 

¢ Amount, type, and intensity of cloud forms and precipitation 
areas. 

¢ Areas of thunderstorms. 

From these charts, there are derived three general rules which 
the navigator can safely use for flight-planning purposes. These 
are: 

1. The winds blow parallel to the contour lines. 

2. The speed of the wind is proportional to the spacing of the 


contour lines; the closer the contour lines, the stronger the 


winds. 
3. Wind blows clockwise around a high and counterclockwise 
around a low. 


Constant Pressure Prognostic Charts 


Constant pressure prognostic charts are prepared by the 
National Meterological Center, AWS Weather Centrals and 
Forecast Centers; they are transmitted to field weather stations 
via facsimile network. A prognostic chart for the 300-mb level is 
illustrated in figure 22-6. 

These prognostic charts, indicate: 
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22-4 
Pressure Altitude 
(meters) (feet) 
16,180 53,083 
11,784 38,662 
9,164 30,065 
5,574 18,289 
3,012 9,882 


1,457 4,781 
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Pressure 


(mb) 
100 
200 
300 
500 
700 
850 


Temperature 
(°C) 












Mean Sea (59°F) 15°C; 29.92” Hg); 1013.25 mb Level. 


Figure 22-4. Standard Pressure Levels. 


¢ Forecast position and orientation of contours. 

¢ Forecast position of trough lines and isotachs. 

¢ Forecast position of circulation centers. 
NOTE: Remember, prognostic charts represent weather condi- 
tions anticipated at a specific time, not average weather condi- 
tions over a period of time. 


Winds Aloft Charts 


Winds aloft charts are prepared four times daily from data 
obtained from upper air observations at 0000Z, 0600Z, 1200Z, 
and 1800Z. The information collected and plotted on winds aloft 
charts contains winds for selected levels in the troposphere and 
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Figure 22-5. 300—mb Constant Pressure Chart. 


stratosphere. Some typical winds aloft charts are shown in 
figure 22-7. 
NOTE: Winds aloft charts do not contain forecast winds; they 
contain actual winds which can be up to 12 hours old. 
Despite the fact that winds from these charts are not necessari- 
ly current, they are important to aircrews for computing head- 
ings, altitudes, groundspeeds, and time en route. The detach- 
ment forecaster can provide valuable guidance or assistance in 
determining the accuracy and position of these winds. 


Summary 


With worldwide coverage and various facilities, the Air 
Weather Service provides vital weather information to aircrews 
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Figure 22-6. 300 —mb Prognostic Chart. 
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Figure 22-7. Winds Aloft Chart. 
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throughout the USAF. It is the job of the navigator to correctly 
interpret the information provided and use it to best advantage. 
The foregoing discussion is an introduction to the charts most 
often used. It is not a complete coverage of the subject. Some of 
the weather charts discussed in this chapter may not be displayed 
in all weather stations, but are available upon request. 


WEATHER REPORTS AND SYMBOLS 
Surface Observations 


Surface weather observations are made hourly by Air Weath- 
er Service observers or National Weather Service personnel. 
When a weather element changes significantly, a special 
observation is taken. Automatic and continuous observations of 
such elements as the ceiling, visibility, wind, pressure, temper- 
ature, and dew point are made by weather instruments. These 
observations are placed in the hands of the using agencies almost 
instantaneously through the use of modern equipment. 

Observations of vital interest to crewmembers are called 
Aviation Weather Reports. These reports are transmitted over a 
worldwide teletype network and received by individual weather 
stations in the aviation weather reporting code. The reports are 
collected in sequence and displayed for use by aircrews or by 
forecasters who brief aircrews. 


Aviation Weather Reporting Code 


The aviation weather reporting code shown in figure 22-8 is . 


an international weather language. It provides weather person- 
nel with information in a format that is easily understood. A 
typical report includes the following items: 

¢ Sky condition and ceiling 

¢ Visibility 

¢ Weather and (or) obstructions to vision 

¢ Temperature and dew point 

¢ Wind 

¢ Altimeter setting 

¢ Remarks 


METAR WEATHER REPORTS 


Aircrews flying in overseas areas must be familiar with the 
METAR report (figure 22-9). This code is used by all AWS units 
outside continental North America, Hawaii, and Guam. Refer- 
enced tables are found in the section explaining the Terminal 
Aerodrome Forecast (TAF) discussed later. 

The METAR code Is similar to the standard format approved 
by the World Meteorological Organization and has two formats. 
The first is for longline teletypewriter dissemination of weather 
observations to other bases. The second format is for local 
dissemination and is relayed to pilots by controlling agencies. 


RADAR REPORT (RAREP) 


A network composed of National Weather Service and Air 
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Weather Service radars is designed to observe precipitation 
patterns and provide areal coverage, height, intensity and pre- 
cipitation movement information. Radar observations known as 
RAREPs are made normally at 40 minutes past each hour. Storm 
detection (SD) is the radar report identifier. This report is 
explained in figure 22-10. 

These observations are used in preparing the radar summary 
chart. They should also be used to update these charts. It is wise 
never to rely entirely on the chart, especially if your route of 
flight is planned through an area of bad weather. 


PILOT WEATHER REPORTS (PIREPS) 


Weather observations made from the ground contain precise 
information that is most valuable for landings and takeoffs, 
approaches and departures. They do not, however, fully meet 
the need for information on weather conditions at flight altitude. 
Aircrews have a distinct advantage over ground observers in 
making weather observations. Not only do the aircrews usually 
have a broader horizon but, if they are flying above a cloud 
layer, they may see higher clouds or other phenomena which 
probably are unknown to the ground observer. Heights of upper 
cloud layers, turbulence, and icing frequently are evident only 
to airborne pilots, and their reports of these conditions are 
valuable to other pilots, controllers, and weather forecasters. 

Alr traffic control facilities (towers and centers) make wide 
use of pilot weather reports to expedite the flow of air traffic 
both in the terminal and in en route areas. For example, pilot 
weather reports of turbulence would be considered when assign- 
ing a departure route or flight altitude. Weather stations make 
extensive use of pilot weather reports in providing preflight 
briefing and in-flight services to pilots. The reports are broad- 
cast regularly over selected navigational aids for the benefit of 
listening pilots and are transmitted on teletypewniter circuits for 
the benefit of other facilities. Weather stations use pilot weather 
reports in briefing pilots and in weather forecasting. 

Pilot reports are required by AFR 60-16. The weather/ 
NOTAM procedures section of the IFR Supplement will give the 
procedures and requirements for making PIREPS. AFR 60-16 
states that pilots will brief forecasters at the destination airfield 
on weather conditions which promoted in-flight reports and 
provide them with any other information considered significant. 


Local Dissemination of the PIREP 


1. Station identification. (Station call letters.) 

2. Identified — (PIREP). 

3. Location and (or) extent. (The location and (or) extent 
relative to a nationally known weather reporting site. Distances 
are expressed in nautical miles.) 

4, Time. (The time phenomena was observed in UTC.) 

5. Phenomena. 

6. Altitude of phenomena reported (above MSL). 

7. Type of aircraft. (In reports of electrical discharge, con- 
trails, turbulence, and icing, the type of aircraft is required.) 

You should recall that altitudes are shown in hundreds of feet 
MSL. Visibilities are normally reported in statute miles; howev- 
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Code Table 6 
OBSTRUCTIONS TO VISION 
GROUND FOG 
Code Table 7 


VALUE 


BY 





7/CIG 10V 15 





RUNWAY VISUAL 
RANGE (RVR) 








VERY LIGHT (USED ONLY IN 
CIVIL WEATHER REPORTS). 


Code Tabie 5 
WEATHER INTENSITIES 





No Symbol | MODERATE 
INTENSITY SYMBOLS ARE NEVER AS- 


SIGNED TO “‘A" OR “IC.” 
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Code Table 4 
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SKY CONDITION 





STATION: 
TYPE AND TIME 
OF 
OBSERVATION 
Code Table 1 
TYPE OF OBSERVATION 
RECORD-SPECIAL 
Code Table 2 
CEILING DESIGNATORS 
ESTIMATED 
INDEFINITE 





Figure 22-8. Aviation Weather Report (Airways). 
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er, they are reported in nautical miles in the European anc 
Mediterranean areas. Authorized word or phrase contractions. 
weather symbols with the appropriate intensity indicator, anc 
international cloud abbreviations (CB, AC, AS, etc) are used. Ii 
a word or phrase contraction is not available, complete words 
are used. The letter ‘‘U’’ usually indicates some ‘‘unknown’’ 
value, for example, intensity (RWU), amount (15U20), or 
height (U). When type of aircraft is unknown, ACFT UNK is 
reported. 

Examples: 

1. Clear Air Turbulence (CAT) — A pilot in a B-52 reports to 
Carswell AFB that moderate clear air turbulence between 
35,000 and 39,000 feet over Dallas was encountered at 1700 
CST. 


TELETYPEWRITER 


LONGLINE 
DISSEMINATION 


FWH PIREP OVR DAL 2300 
MDT CAT 350-390 B52 
2. Icing — A pilot of a T-43 reports to Randolph AFB that 
moderate rime icing 5 to 20 miles north of Randolph AFB at 
3,000 feet was encountered at 0800 CST. 
RND PIREP 5-20 N RND 1400 
MDT RIME ICG 30 T-43 | 


AVIATION WEATHER FORECAST 


VISUAL 
RANGE (RVR) 
LONGLINE 


The aircrew planning a flight is also concerned with the 
forecast weather conditions along their route and at their des- 
tination and alternate. Through forecasts, they may be advised 
of the development of potentially hazardous weather by radio 
transmission during flight. Each of the many types of forecasts 
is designed to serve a specific function. 

Teletype forecasts are given in two formats: Terminal Aero- 
drome Forecasts (TAF) and Plain Language Terminal Forecasts 
(PLATF). 

The TAF code, in the same format as the METAR observation 
code, is used for the scheduling of flights. They are valid for 24 
hours and forecast the following weather data: wind direction, 
speed, and maximum wind expected; prevailing visibility in 
meters; weather phenomena, including forms of precipitation 
and restrictions to visibility; eighths of sky coverage of each 
cloud layer expected over the station, with base-height of the 
layer and type of cloud; height and thickness of icing and 
turbulent layers; minimum altimeter setting expected; and perti- 
nent clear language remarks. 

The PLATF code, in a format found in the aviation weather 
report, is used in the recovery of aircraft and is valid for a period 
of 4 hours. The PLATF forecasts the following weather data: 
height of cloud bases; sky coverage; visibility; weather and 
obstruction to vision; wind direction and speed with gusts indi- 
cated by G; minimum altimeter setting; and any appropriate 
remarks. 
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FORECASTS 


Terminal Aerodrome Forecast 





The following codes are used in the Terminal Aerodromé 
Figure 22-9. METAR Weather Report. Forecast (TAF). Refer to figure 22-11. 
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EXAMPLE OF MODIFIED TAF FORMAT USED FOR LOCAL DISSEMINATION 
Ex 








TERMINAL AERODROME FORECAST (TAF) CODE 
23015/25 





EXAMPLE OF TAF FORMAT FOR LONGLINE TELETYPE TRANSMISSIONS 
(Visibility in miles, heights in hundreds of feet and wind direction in degrees magnetic.) 





FORECAST VALID 
EDAH 12Z TO 12Z 


Figure 22-11. Terminal Aerodrome Forecast (TAF) Code. 


TAF 
CCCC 


G\G,G,G, 


ddd ff/finfn 


N,CCh,h,h, 


CAVOK 


QNH P2P2P2P2INS 


GRADU 


AFM 51-40 15 March 1963 


Indicates an aerodrome forecast. 
International four-letter location indicator, 
such as KRND for Randolph AFB. 
Valid period of the forecast in UTC, GG, 
the beginning, G2G, the ending of forecast 
period, such as 1212 period from 1200Z to 
1200Z. 
Forecast surface wind ddd—True surface 
wind direction to the nearest 10 degrees. 
ff—Mean wind speed in knots. 
/fmfm—Maximum wind speed (peak gust 
speed) in knots, such as, 32015/25—-wind 
direction 320° True, mean speed 15 knots, 
maximum wind speed 25 knots. 
Forecast prevailing visibility in meters. 
9999 indicates visibility is 10 km (7 statute 
miles) or more (figure 22-12). 
Forecast weather decoded in both numbers 
and alphabetical codes (figure 22-13). 
61RA would be decoded as light rain. 
Cloud layer forecast group in order of 
ascending cloud layer bases. When no 
clouds are forecast, SKC for clear sky will 
be entered. 
N,—Total amount of cloud in eighths 
forecast for that level when more than 4/8 
is forecast and a ceiling is expected. The 
ceiling will be identified in the remarks 
section as CIG with the height expected. 
No ceiling would be *‘CIG NO.’’ When 
N, = 9, the sky is forecast obscured, such 
as, 9// hshshs where hshshs is the vertical 
visibility. 
CC—Type of cloud forecast at that level. 
A two-level abbreviation code is used, 
such as, CU—cumulus (figure 22-14). 
hshshs—Height above station elevation of 
the base of the cloud layer. Example—8 
ST 005 would be encoded 8/8 of stratus at 
500 feet above the station (figure 22-15). 
This code word, normally not used by 
AWS, is used by the National Weather 
Service for civilian forecasts and is used in 
place of VVVV, W W, and NsCC hshshs 
when the following are forecast at the 
same time: 

(a) Visibility 10 km or more 

(b) Nocloud below 5,000 feet and no CB 

(c) No precipitation, thunderstorms, 

shallow fog, or low drifting snow 

Forecast lowest altimeter setting inches 
such as QNH 2292INS. 
Used if the change is expected to take 
place at an approximately constant rate 
throughout the period of the Gradu (gra- 
dual) times. 
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STATUTE 
MILES 


NAUTICAL 
MILES 


1/16 Mile Increment 
0. 


METERS 


0.3 
Y% Mile Increments 
_ 0.4 
Yo 0.45 
_ 0.5 0900 
% 0.55 1000 
_ 0.6 
% = 
— 0.7 
% = 
~_ 0.8 
] — 1600 
_ 0.9 1700 
WY 1.0 1800 
1% 1.1 2000 
1% 1.2 2200 
WW 1.3 2400 
1% 1.4 2600 
1% 1.5 2800 
1% 1.6 3000 
2 1.7 3200 
Y% Mile Increments 
= 1.8 3400 
2% 1.9 3600 © 
_ 2.0 3700 
2% 2. 4000 
% Mile Increments 


13.0 9999 
5 Mile Increments 

15.0 9999 

20.0 9999 
30 25.0 9999 
35 30.0 9999 
40 35.0 9999 
45 40.0 9999 
50 45.0 9999 
§5 50.0 9999 
60 50.0 9999 
65 55.0 9999 
70 60.0 9999 
75 65.0 9999 
80 70.0 9999 
85 75.0 9999 
90 80.0 9999 
95 80.0 9999 


85.0 


Figure 22-12. Reportable Visibility Values. 
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RAPID Indicates fast-changing weather from one 
condition to another. 

INTER Intermittent conditions will not cover 
more than 30 minutes of any hour, or more 
than one-half of the period for which the 
conditions are forecast. 

TURBULENCE (Discussed in figure 22-16). 

ICING (Discussed in figure 22-17). 


The following is an example of a scheduling (TAF) forecast: 
TAF KRND 1212 18005 3000 44FG 3CU025 QNH 2996INS 
RAPID 18 35010 9999 WX NIL 5CU025 QNH 2998INS 
CIG025 
It would be decoded as follows: 
KRND—Forecast for Randolph AFB 
1212—TAF valid 1200Z to 1200Z 
18005—-Surface winds, 180° at 5 knots 
3000— Visibility, 3,000 meters 
44FG—Fog, sky visible 
3CU025—3/8 cumulus clouds, bases 2,500 feet 
QNH 2996INS—Minimum altimeter setting of 29.96 inches 
RAPID 18—Rapid change beginning at 1800Z 
35010—Surface winds, 350° at 10 knots 
9999— Visibility 10 km or more 
WX NIL—No significant weather 


- 5;CU025—5/8 cumulus clouds, bases 2,500 feet 


QNH 2998INS—Minimum altimeter setting is 29.98 inches 
CIGO25—Ceiling 2500 feet 

Another example: 

KBLV 1212 00000 5000 11MIFG 3CU025 QNH 2996INS 
RAPID 16 25010 9999 WX NIL 4CU025 QNH 2998INS 
GRADU 1719 27020/30 5000 80RASH 2CB025 4CU025 
S5AC120 550208 

QNH 2992INS CIGO25 

GRADU 2223 25010 9999 WX NIL 3AC120 QNH 2995INS 
DECODED: 

KBLV—Forecast is for Scott AFB. 

1212—TAF valid 1200Z to 1200Z. 

00000— Winds calm. 

5000— Visibility, 5,000 meters. 

1IMIFG— Weather, patchy ground fog. 

3CU025—=3/8 cumulus clouds, bases 2,500 feet. 

QNH 2996INS—Minimum altimeter setting is 29.96 inches. 
RAPID 16—Rapid change beginning 1600Z. 
25010—-Surface winds, 250° at 10 knots. 

9999— Visibility, 10 km or more. 

WX NIL—No significant weather. 

4CU025—4/8 cumulus clouds, bases 2,500 feet. 

QNH 2998INS—Minimum altimeter setting is 29.98 inches. 
GRADU 1719—Gradually from 1700 to 1900Z. 27020/30— 
Surface winds 270° at 20 knots with gusts to 30 knots. 
5000— Visibility, 5,000 meters. 

80RASH— Weather, slight rain showers. 

2CB025—2/8 cumulonimbus clouds, bases 2,500 feet 
4CU025—4/8 cumulus clouds, bases 2;500 feet 
5AC120—S/8 altocumulus clouds, bases 12,000 feet. 
550208—-Moderate turbulence in cloud from 2,000 feet 
through 10,000 feet. 
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Figure 22-13. Present Weather (W’W’). 


QNH2992INS—Minimum altimeter setting is 29.92 inches. 


CIGO25—Ceiling is 2,500 feet. 
GRADU 2223—Gradually from 2200Z to 2300Z. 
25010—Surface winds, 250° at 10 knots. 
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Figure 22-14. Cloud Types. 
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9999— Visibility 10 km or more. 
WX NIL—No significant weather. 
3AC120—3/8 altocumulus clouds, bases 12,000 feet. 

QNH 2995INS—Minimum altimeter setting is 29.95 inches. 


PLATF Recovery Forecast 


15 March 1963 
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The second format for a teletype forecast is the Plain Lan- 
guage Forecast (PLATF). An explanation of the PLATF codes 


follows: 
CCC 
G'G'G’*G? 


hh or hhh 


International location identifier. 

Beginning (G'G'), ending (G?G7) of forecast 
(GMT). 
Height of cloud bases in hundreds of feet 
above the ground. Same as aviation weather 
reports. 
Sky cover. Same as aviation weather reports. 


Visibility —nearest 


reportable 


value in 


meters or fractions of miles. Variable visibil- 
ity shown in remarks. 
Weather and obstruction to vision. ‘Same as 
aviation_weather reports. 


t 
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Code | Meters Feet Code | Meters Feet Code | Meters Feet 
Figure Figure Figure 

000 30 100 031 930 3100 110 3300 11000 
00! 30 100 032 960 3200 120 3600 12000 
002 60 200 033 990 3300 130 3900 13000 
003 90 300 034 1020 3400 140 4200 14000 
004 120 400 035 1050 3500 150 4500 15000 
005 150 500 036 1080 3600 160 4800 16000 
006 180 600 037 1110 3700 170 5100 17000 
007 210 700 038 1140 3800 180 5400 18000 
008 240 800 039 1170 3900 190 5700 19000 
009 270 900 040 1200 4000 200 6000 20000 
O10 300 1000 041 1230 4100 210 6300 21000 
Ol! 330 1100 042 1260 4200 220 6600 22000 
O12 360 1200 043 1290 4300 230 6900 23000 
613 390 1300 044 1320 4400 240 7200 24000 
014 420 1400 045 1350 4500 250 7500 25000 
O15 450 1500 046 1380 4600 260 7800 26000 
016 480 1600 047 1410 4700 270 8100 27000 
017 510 1700 048 1440 4800 280 8400 28000 
018 540 1800 049 1470 4900 290 8700 29000 
019 570 1900 050 1500 5000 300 9000 30000 
020 600 2000 055 1650 5500 310 9300 31000 
021 630 2100 060 1800 6000 320 9600 32000 
022 660 — 2200 065 1950 6500 330 9900 33000 
023 690 2300 070 2100 7000 340 10200 34000 
024 720 2400 075 2250 7500 350 10500 35000 
025 750 2500 080 2400 8000 (etc.) (etc.) (etc.) 
026 780 2600 085 2550 8500 990 29700 99000 
027 810 2700 090 2700 9000 999 30000 100000 
028 840 2800 095 2850 9500 or more | or more 
029 870 2900 100 3000 | 10000 
030 900 3000 


Figure 22-15. Height Above Station Elevation of Base of Cloud Layer. 


_ | CODE DECODE CODE | DECODE 


None or trace 





* 
© 























Q None Oe ee 
1 Light turbulence Light ee 
2 Moderate turbulence in clear air, infrequent 2 Light icing in cloud 
3 Moderate turbulence in clear air, frequent 3 Light icing in precipitation 
4 Moderate turbulence in cloud, infrequent 4 Moderate icing 
5 Moderate turbulence in cloud, frequent 5 Moderate icing in cloud 
6 Severe turbulence in clear air, infrequent Nisa ee oitati 
7 Severe turbulence in clear air, frequent 6 2 ale SINS RES SAI 
8 Severe turbulence in cloud, infrequent 7 Severe icing 
9 Severe turbulence in cloud, frequent 8 Severe icing in cloud 
9 Severe icing in precipitation 








NOTE: AWS units will encode extreme turbulence 
by use of code figure 6, 7, 8, or 9 and adding 
“EXTRM TURB hehghs — hehehe” in REMARKS. 





*WMO code figure 0 is no icing. AWS units will 
use 0 to indicate a trace of icing. 


Figure 22-17. Icing (Ic). 





Figure 22-16. Turbulence (B). 





22-14 


ddff Surface wind direction (dd) and speed (ff). 
P True direction—nearest 10 degrees, speed in 
knots. Variable direction encoded as 99ff. 


QNHPPPP Minimum altimeter setting through the 
period. 

Remarks Conditions not adequately described such as 
MOD ICING 70-90. 

ttZ Change groups. tt is time of changes. 


Changes to the initial condition only for ele- 
ments expected to change; the remaining ele- 
ments are inferred as forecast not to change. 
The following is an example of a recovery PLATF forecast: 
KBLV 0105 ISSCT 20BKN 4TRW 3510G18 QNH 2991 INTER 
0102 ITRW 3320G30 02Z 1OBKN 15 OVC 2TRW INTER 0204 
1OVC 1/8T + RW 3330G60 04Z 25 BKN SRW QNH 2985 
As the time changes, the missing information is inferred to 
indicate that the information is the same as the previous fore- 
cast, and is decoded in the following manner: 


Time Element Inferred Stated 
0100Z CLDS 1,500’ SCT 
2,000’ BKN 
VSBY 4 
WX TRW 
WIND 350°/10 
knots gusting 
to 18 knots 
ALTSTG 29.91 INS 
(inches) 
01-022 CLDS 1,500’ 
2,000’ BKN 
INTER VSBY l 
WX TRW 
WIND 330°/20 
knots gusting 
to 30 knots 
ALTSTG 29.91 INS. 
(inches) 
0200Z CLDS 1,000’ BKN 
1,500’ OVC 
VSBY 2 
WX TRW 
WIND 350°/10 
gusting to 
18 knots 
ALTSTG 29.91 INS 
(inches) 
02-04Z CLDS 100’ OVC 
VSBY 1/8 
WX T + RW 
WIND 300°/30 
knots gusting 
to 60 knots 
ALTSTG 29.91 INS 
(inches) 
0300Z Same as 0200Z with all elements inferred. 
0400Z CLDS 2,500’ BKN 


AFM 51-40 15‘March 1963 
VSBY 5 
WX RW 
WIND 350°/10 
knots gusting 
to 18 knots 
ALSTG 29.85INS 


0500Z Same as 0400Z with all elements inferred. 
NOTE: 1. INTER valid 01 to 02Z and 02 to 04Z; ‘‘Mean’’ wind 
350°/10 knots gusting to 18 knots for entire period. 


WEATHER FOR FLIGHT PLANNING 
Gathering Weather Data 


‘Weather is an extremely important factor in planning any 
flight mission. These are the steps to follow in gathering weather 
data: 

Step 1. Know exactly what weather information is needed. 
This normally consists of, but is not necessarily limited to, the 
weather and winds to expect en route, the weather at destination 
and alternate destinations, and the local weather for the time of 
takeoff and climb-out. 

Step 2. Inform the weather forecaster of aircraft type, esti- 
mated time of departure (ETD), proposed route and flight alti- 
tude, estimated time en route (ETE), and any additional in- 
formation that will help the weather forecaster visualize the 
flight. The more information given, the better the forecaster wilf 
be able to provide data pertinent to the flight. 

Step 3. When the weather briefing is completed, insure that 
the following information is complete: 


Weather for Takeoff and Climb 


Surface temperature and pressure altitude (or density altitude) 
Surface winds 

Bases and tops of cloud layers 

Visibility 

Precipitation 

Freezing level 

Climb winds 


Forecast Weather En Route 


Bases, tops, type, and amount of each cloud layer 

Visibility at flight altitude 

Type, location, intensity, and direction and speed of frontal 
movement 

Freezing levels 

Temperatures and winds at flight altitude 

Areas of hazardous weather (thunderstorms, hail, icing, and 
turbulence) 

Areas of good weather (for use in event of an emergency 
landing en route). 


Forecast Weather for Destination and Alternates 


Bases, tops, type, and amount of cloud layers 
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Figure 22-19. Computer Flight Plan. 


OATUFGBC RHWWAAA3101 0050729-UUUU--RUWMDTA: 


ZNR UUUU 


O 050729Z JAN 79 
FM AFGWO OFFUTT AFB NE 
TO RUWMDTA/BASE WEA STA MATHER AFB CA 


BT 


UNCLAS AFGWC 


* &* * THIS CFP IS LABELED KMHR8125AHNL * * * 


* * * ROUTE FORECAST MATHER TO HONOLULU * * * 


* * * ROUTE OF FLIGHT (R-63) * * * 
AFGWC TIME PHASED ROUTE FORECAST KOHR8125AHNL CFPI-0050729:2 
DEPARTURE POINT KMHR | 
LAT 3858N LONG 12146W DEPT ALT 35000FT ETD 79 JAN 05 


ACCUMULATED 


LOCID 


ETP 


PHNL 


LAT 
3904N 
3742N 
3750N 
3635N 
3436N 
3223N 
3013N 
2956N 
2718N 
2542N 
2403N 
2246N 
2150N 
2116N 
2103N 
2120N 


ETP SUMMARY 


OVERALL TO PHNL 


LOCID 
PHTO 


LAT 


TIMES ADJUSTED FOR 1 


LONG 
12202W 
12301W 
12550W 
13004W 
13542W 
14104W 
14537W 
14609W 
15059W 
15341W 
15619W 
15642W 
15658W 
15742W 
15801W 
15755W 


ALT 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 


DDVVV 


24039: 


23039 
24038 
26040 
27073 
26088 
27110 
27110 
27134 
26117 
26094 
26074 
25062 
25055 
25051 
25051 


TTT 
—54 
-54 
-54 
-54 
=53 
=51 
-49 
-49 
-47 
-46 
-45 
-45 
-45 
-45 
-45 
=45 


PCT 
TAS 
426 
426 
426 


435 


ROUTE DEVIATIONS 


GS 
406 
390 
395 
386 
359 
344 
331 
333 
316 
327 
347 
394 
399 
384 
386 
462 


DIS 
014 
094 
134 


018 


TIM 
002 
O15 
021 
034 
050 
053 
049 
006 
057 
032 
030 
012 
009 
008 
003 
002 


FWF -79, WF1 -69, WF2 -94, TIME 
-78 TIS 2235 ATIM 0623 ETA 21232 
AFGWC TIME PHASED ALTERNATE ROUTE FORECAST 
DEPARTURE POINT PHNL 
LAT 2120N LONG 15755W DEPT ALT 


AWF 


35000FT ETD 79 JAN 05 21232Z 
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1500Z 


TCS MV MHD 


296 
210 
274 


018 


-17 
-1/7 
-17 
-17 
-17 
-16 
=) 
-14 
-14 
-13 
=13 
-12 
=12 
-12 
=12 
=12 


001 


2110 
2118 
2121 
2123 


0344, DIST 1324 


LONG ALT DDVVV TTT TAS GS DIS TIM TCS MV MHD ETA 
1943N 15503W 001 23019 -10 467 474 188 023 121 -12 111 2146 


OVERALL TO PHTO AWF 
AFGWC TIME PHASED ALTERNATE ROUTE FORECAST 
DEPARTURE POINT PHNL 
LAT 2120N LONG 15755W DEPT ALT 35000FT ETD 79 JAN 05 2123Z 
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(Figure Al-2) 








BULLETIN 
(A1-13) 


Figure 22-20. Standardized Pilot Briefing Display. 


Visibility 

Weather and obstructions to vision 

Freezing level 

Surface wind speed and direction 

Forecast altimeter setting 

Insure that all essential weather elements are included in the 
briefing and request clarification or additional information con- 
cerning any weather data about which there are doubts. 
NOTE: If the time of departure is delayed longer than | 1/2 hours 
after the time of the briefing, the weather must be revalidated. 

In addition to forecaster briefings at the weather stations, 
some bases use closed-circuit television to brief aircrews. This 
gives the aircrews a visual weather briefing without going to the 
weather station. In addition, a small self-briefing weather dis- 
play is often available to allow the crew to flight plan before 
getting the final weather briefing. 


Applying Weather Data 


Getting all the facts and applying them correctly is essential in 
flight planning. Departure weather can be the deciding factor 
when an emergency arises soon after takeoff. In some cases, the 
weather may deteriorate rapidly shortly after takeoff. The navi- 
gator must know the winds up to flight altitude in order to 
compute the distance flown and the fuel consumed during the 
climb to altitude. 

A knowledge of the clouds at flight altitude gives the aircrew 
an idea of the areas of possible precipitation, icing, turbulence, 
and other hazards to flight. If the navigator has this knowledge, 
it increases his or her ability to make the proper operational 
decision in the event of an en route emergency. 


“‘D” Value Flow Charts 


A very useful weather chart for the navigator is the high 
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altitude ‘‘D’’ value flow chart shown in figure 22-18. This chart, 
used primarily by the Strategic Air Command, contains the 
following information: 

Contours (labeled in 200 or 400 feet ‘‘D’’ value intervals or 
true altitude of the pressure levels indicated) 

Wind direction and speed 

Temperatures (in degrees Celsius) 

Centers of high and low true altitude 

The data listed on these charts are invaluable for flight plan- 
ning and in-flight computations. Remember, this is a prognostic 
chart; it can be made more useful by updating it with current 
information obtained during flight. 


Computer Flight Plans 


One of the newer and more sophisticated aids for the naviga- 
tor is the Computer Flight Plan (CFP). The computer simulates 
the response of an aircraft to the environmental conditions likely 
to occur during a given flight. If given track, altitude, true 
airspeed, and time of departure, the computer may then deter- 
mine the location of the aircraft and its groundspeed, heading, 
wind factor, remaining fuel load, and many other factors for any 
specified point along the route. 

The CFP is used extensively by Strategic Air Command and 
Military Airlift Command on their long-haul flights. The use of 
this aid has materially reduced flight planning and forecaster 
preparation times with a substantial improvement in overall 
accuracy in many cases. During the winter months, however, 
errors in individual leg winds and associated wind factors may 
be large but, when averaged over several legs, the predicted 
wind factor will normally be very close to the actual value. 

CFPs are most useful and accurate for the long flight. To 
obtain a Computer Flight Plan, the navigator should contact the 
local weather forecaster preferably 11 to 24 hours before 
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takeoff. If the route is a nonstandard route, the forecast will 
require specific flight information—takeoff time, track (lati- 
tude and longitude, and ICAO identifiers if appropriate and 
desired) altitude, and true airspeed. A wide variety of naviga- 
tional options and printout formats are available and may be 
requested. An example of a CFP is illustrated in figure 22-19. 


Briefing Display Charts 


The pilots or crewmembers, prior to calling for a weather 
briefing, should become familiar with all of the information 
available on the charts posted on the standardized pilot briefing 
display in the weather station. They should read the latest 
aviation weather reports, radar observations, and pilot reports 
for the route to acquaint themselves with an up-to-date picture of 
the correct weather condition. They should also study the ter- 
minal forecasts for destination and at least one alternate, if 
conditions indicate one may be needed. 

The standardized pilot briefing display (figure 22-20) consists 
of the following: 

1. Surface analysis (SFC ANAL). 
2. Horizontal weather depiction chart (HWD). 
3. Surface forecasts (SFC PROGS). 
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4. CAT, clouds, icing forecasts (CAT ADVSY). 
5. Radar summary chart (RADAR). 
6. Military weather advisory (MIL SEVERE WX 
ADVSY). 
7-8. Winds aloft charts (HIGH LEVEL/LOW LEVEL 
WIND PANELS). 
9. Military weather advisory criteria. 
10. 24-hour local area forecasts and any weather warnings 
for the local area. 
11. Optional chart. 


SUMMARY 


Aviation weather reports provide vital information to the 
aircrews when planning a flight. These reports can be used to 
obtain data pertinent to all phases of flight. Data obtained during 
weather briefing may be rapidly updated through use of the 
pilot-to-forecaster service. 

It is essential that the navigator thoroughly understand all the. 
factors of weather information that are required to plan a flight: 
adequately. Getting all the facts and correctly interpreting them 
will insure successful completion of each phase of the flight. 
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Chapter 23 


FORMULAS AND CONVERSIONS 


Recent technological advances have made the programmable 
handheld computer readily available at a reasonable cost. Air 
Force Systems Command has certified numerous computers as 
acceptable for use in-flight. Using the formulas given in this 
chapter, the navigator has increased calculating power for both 
preflight and in-flight situations. In addition to ease of opera- 


tion, both speed and accuracy will improve significantly over 
manual and slide rule computations. Also, the new handheld 
computers have capabilities never before available without ex- 
pensive avionics. The following formulas are but a few to aid 
the navigator in both preflight and in-flight computations. 


FLIGHT PLANNING 


Given: 

TC = True Course 

TAS = True Airspeed 

W/V = Wind 

W = Wind Direction 

V = Wind Velocity 

DCA = Drift Correction Angle 
GS = Groundspeed 

TW = Tailwind Component 
CW = Crosswind Component 





GS = SIN [180—TC+(W+180)—DCA] x TAS 
SIN [TC —(W + 180)] 
NOTE: All angles should be in degrees and velocities in knots. 
DCA = SIN~' [(V/TAS)SIN (W —TC)] 
TW = V COS (W-TH) 
CW = V SIN (W-TH) 
TH = TC + ARC SIN [(V/TAS) SIN (W -TC)] 


MH = TH + Var 
GS = TAS COS (TH-TC) — V COS (W-TC) 


IN-FLIGHT W/V DETERMINATION 


DCA = TC-TH 
DCA = SIN™' | VSIN(TC — W — 180) 
TAS 
Given: 


TC = True Course 
GS = Groundspeed 
TAS = True Airspeed 
TH = True Heading 
DC = TH-TC 
DCA = TC-—TH 


Vv = V GS? + TAS? — 2(GS)(TAS)(COS DCA) 


WwW 


TC + SIN~! | 


TC — SIN™' 


= 
] 


V 


_(TAS) SINC) | TAS>GS 


(TAS) SIN(DC) 


V +180 TASSGS 
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PRESSURE PATTERN 


IN = K(D2 — Dj) 
ETAS 
—_ 21.49 
SIN (LAT) 


ETAS = AIR DISTANCE 
~ TIME RUN 


BD (Bellamy Drift) = (ZN) (57.3) 
GROUND DISTANCE 


M = TAS/MACH 
CAS = Calibrated Airspeed 


[[is2( ois) ] “1 a1) ] 


where 0 = I 


s | ae 5.2563 





518.67 


TAS = 39M V TAT 


TAS 


39M 4/ (IT +273) [ CT ;,____!_ __—-1 \+1 
y ( (1+ (.2)(M) 


M = Mach 

IT = Indicated Air Temperature 

CT = Temperature Rise (‘‘+ 1°’ for most aircraft) 
TAT = True Air Temperature 

REC = Aircraft Recovery Coefficient 


Density Altitude = Da 


Da = | dae 1- ( 22 TAT )o.23s 
P To 





True Air Temperature (°C) 


TAT = (IT) [ (REC) x ¢____!_ ss _, \4 4 7] 9973.95 
1+0.205 M2 
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TURN PERFORMANCE 


Definitions: 


BANK = Bank angle in degrees 


DIAM = Turn diameter in NM 
TAS = True airspeed in knots 


T = Time in minutes to complete 360° turn 


S: 


DIAM = TAS? 


34208 TAN (BANK) 


Gforce = 1/COS (Bank) 
S: = Ns Gforce 


N, = Normal stall speed in knots 
= Stall speed in turn in knots 


t=  .0055 TAS 


TAN (BANK) 


CELESTIAL PRECOMPUTATIONS 


LAT = Latitude of Assumed Position/DR 

LONG = Longitude of Assumed Position/DR 

TC = True Course 

GS = Groundspeed 

DEC = Declination of the Body from Air Almanac 
LHA = Local Hour Angle 

LHA = GHA+E/—W Long + SHA + corrections 
Use Air Almanac for GHA/SHA 

Hc (Height Computed) = SIN~! [(SIN LAT) (SIN DEC) 


NOTE: Hc and Z will be displayed in degrees and decimal 
degrees. You must.convert the decimal degrees to minutes. 
Once the azimuth angle (Z) has been determined by computa- 
tion, the ambiguity caused by Lat and LHA can be resolved by 
following: 

Zn = Zif SIN (LHA)<0 

Zn = 360 — Z if SIN (LHA)20 


+ (COS LHA) (COS DEC) (COS LAT)] 


Z (Azimuth Angle) = COS~! 


Zn = Z(N LAT and LHA>180°) 

Zn = 360-—Z(N LAT and LHA<180°) 
Zn = 180—Z(S LAT and LHA>180°) 
Zn = 180+ Z(S LAT and LHA <180°) 


(SIN DEC) — (SIN LAT) (SIN Hc) 
(COS Hc) (COS LAT) 


MOTIONS 


The formula for combined 1-minute motion can be separated 
as follows: 
Motion of Body = 15 COS LAT SIN Zn 
Motion of Observer = (GS/60) COS (TC — Zn) 
These quantities, whether combined or used separately, must be 
added algebraically to the Ho and subtracted from the Hc. 


To apply Coriolis/rhumb line correction to Ho, multiply 
Coriolis/rhumb line by [COS(90 — (TC — Zn))]. Note that P and 
N adjustments are not necessary with these computer applica- 
tions since Hc is correct for fix time, not HO 249 EPOCH year 
time. 


1-Minute Motion = [(15 COS LAT)(COS(270—Zn)] — [COS (TC-Zn)(GS/60)] 
1-Minute Motion = [15 COS(LAT)SIN Zn] — [COS(TC —Zn)(GS/60)] 
Coriolis = COS [(90 — TC —Zn)] [.02625 GS SIN LAT] 

Rhumb line = [(.146 (GS/100)? (SIN TC) (TAN LAT)] 


Coriolis = (.02625)(GS)(SIN LAT) 


For combined Coriolis/rhumb line adjustment to assumed posi- 


tion, use: 
Coriolis/rhumb line = 


[(.02625)(GS)(SIN LAT)] + [.146(GS/100)?] [((SIN TC) (TAN LAT)] 
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Given: 

At = time between positions 
L, Dept Lat 

L» Dest Lat 

A, Dept Long 


AFM §1-40 
GREAT CIRCLE PLANNING 

Given 
L, = Departure Latitude N + W= + 
L, = Destination Latitude S + E= -— 
dh, = Departure Longitude 
X2 = Destination Longitude At = time between positions 
Li = Intermediate Latitude 
di = Intermediate Longitude 
Hi = Initial True Heading 
D = Distance in Nautical Miles 
H = Heading Angle 
D = 60 COS ~' [SIN L, SIN L, + COS L, COS L, COS (Az — A,)] 
H = COS! SIN L, — SIN L, COS (D/60) 

SIN (D/60)COS L;, 
Hi = H if SIN (A2 — A\)<0 


= 360 — Hif SIN (42 — A,)20 
Given (L, A;), (Lz Az) and A; the following formula computes 
the latitude of L; where ), intersects the great circle defined by 


(L,;A,) and (Lp, Az). 
L, = TAN7! TAN L2 SIN (A; ~ 1) - TAN Li SIN (Qj - dy) 
SIN (Az — Ad) 


(This formula can be very useful when matching charts of 
different projections or scales.) 


RHUMB LINE PLANNING 


Az Dest Long 
C = Rhumb line True Course 
D = Rhumb line Distance 


aw = Pi (3.14159....) 
C = TAN”! aw (Ay — Ad) 
180 Ln TAN (45 + 1/2 L2) — Ln TAN (45 + 1/2 L)) 
D = 60 (A2 ae Ay) COS Li; if C=0 


60 (L, — L,); —_— otherwise 
COS C 


COMPUTING POSITION BY DEAD RECKONING 


La =| At x GS x COS(TC) eh 
60 


If TC = 90°,270° An =A, i" At x GS x SIN(TC) 
60 COS L, 


Otherwise: 
ho = A, — 180 [TANCTC) x (Ln TAN(45 + 1/2 L,) - 
w Ln TAN(4S° + 1/2 L,)] 
NOTE: The flightpath may not cross the North Pole 
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COURSE CORRECTION TO DESTINATION 


Given: 

M, = Intended magnetic course 

M. = Magnetic course actually flown to current position 

M3 = Magnetic course to fly from current position to destination 
DOC = Distance off course (+ left, — right) 

D, = Distance flown to current position 

D, = Distance from start to destination 

D3; = Distance from start to checkpoint 

D, = Distance to go from current position to destination 


M, = M2 + ARC TAN a 





3 
M3 = M, + ARC SIN DOC 
D, 


D; = VD,2 — DOC? if D, is known 
D, =  \ D2 = D3 )? + DOC? 0O<=M; < 360° 


Groundspeed and magnetic course from two TACAN radials 
and DME readings or two radar range and bearings. 


Given: 
D, DME#1, D2 = DME #2 
R, = Radial #1, R2 = Radial #2 
A = HA-HT 
6076 
HA = Height above MSL 
HT = Height or elevation of the TACAN 
T = Time run between radials and DMEs 


GS = D,?+D,?-—2A? —2 (4 /D,?- A?) (1/ D,”— A?) (COS(R; — R2)) 


T 





MC (mag course) = R, + SIN~!| (Di)GIN(Ri — Ro) 
(GS)(T) 


Figure 23-1. Elements of Course Correction Solution. 


RATE OF CLIMB 


TAS = True Airspeed in knots 
ROC = Rate of climb in ft/min (+ or —) 
D = Ground distance over which the altitude change (At) 
occurs. 

ROC = _TAS (4 Alt) 

60 [ D? + (AAIV6076)2]” 

This computation is handy when flying from one radial and 
DME to another for computing the mag course and distance. 
The GS equation becomes distance if you do not divided by 
wae 
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TABLE OF WEIGHTS AND MEASURES 


Weights Mileage 
1 GRAM 0.035 OUNCES MILES 
1 KILOGRAM 2.2 POUNDS KILOMETERS STATUTE MILES NAUTICAL 
1 CENTIMETER 0.3937 INCH 1 0.62 54 
2.54 CENTIMETERS 1.0 INCH 10 6.21 5.40 
1 METER 3.280 FEET 20 12.43 10.80 
0.3048 METER 1 FOOT 30 18.64 16.20 
0.9144 METER 1 YARD 40 24.85 21.60 
1609.3 METERS 1 MILE (STATUTE) 50 31.07 27.00 
1.852 KILOMETERS 1 NAUTICAL MILE 60 37.28 32.40 
1.151 STATUTE MILE 1 NAUTICAL MILE 80 49.71 43.20 

100 62.14 54.00 
Liquid Measures 200 124.27 107.99 
1 LITER 2.113 PINTS Temperature 
1 LITER 1.057 QUARTS 
1 LITER 0.264 GALLONS CENTIGRADE _. FAHRENHEIT 
0.946 LITER 1.0 QUART 38 100.4 
3.785 LITERS 1.0 GALLON 25 77 
1 GALLON JP-4 6.35 POUNDS @ 60° F 10 50 
1 GALLON JP-5 6.8 POUNDS @ 60° F 0 32 
1 GALLON JP-7 6.59 POUNDS @ 60° F 
1 GALLON JP-8 6.7 POUNDS @ 60°F 
1 GALLON JET A-1 FUEL 6.68 POUNDS @ 60° F Standard Sea Level References (ICAO) 
Conversion Factors T, (temperature) = 15.0 C 

a, (speed of sound) = 661.5 knots = 1116.4 ft/sec 
F = 9/5 C + 32 P, (atmospheric pressure) = 14.696 psi = 29.92 in Hg 
C = 5/9 (F—32) p, (atmospheric density) = .002376 Lb sec?/ft? 


BY ORDER OF THE SECRETARY OF THE AIR FORCE 


OFFICIAL CHARLES A. GABRIEL, General, USAF 
Chief of Staff 


JAMES L. WYATT, JR., Colonel, USAF 
Director of Administration 


BY DIRECTION OF THE COMMANDER, NAVAL AIR SYSTEMS COMMAND 


SUMMARY OF REVISED, DELETED, OR ADDED MATERIAL 


All material has been revised and updated. The chapter on mission planning has been expanded. Chapters dealing with celestial 
information have been realigned to permit quick reference to specific information. Overwater navigation has been expanded to 
include a discussion of pressure pattern navigation using temperature change. A new chapter has been added on advanced systems 
which address the theory and application of systems such as the astro-tracker, INS, OMEGA, NAVSTAR, and navigation 
computers. The chapter on aerial delivery has been expanded and includes a discussion of basic aerial refueling rendezvous 
procedures. A new chapter on formulas and conversion has been added which presents a listing of many equations suitable for use 
with hand-held calculators. 
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SYMBOLS — CHART AND NAVIGATION 


COURSE LINE 
TRUE HEADING 


TRUE HEADING 

TRACK 

WIND VECTOR 

LINE OF POSITION (LOP) 
ADVANCED OR RETARDED LOP 


AVERAGE LOP 


CHECKPOINT/NAVIGATION 
POINT | 


ALTERNATE/EMERGENCY 
AIRFIELD 


ORBIT POINT 


INFORMATION BOX 


OAP (OFFSET AIM POINT) 


COURSE INFORMATION 
BOX 


_ 


a 
©) MPP 
[| 
L\ 
AN 
A\ 
nN 
Lo 
AN 
A\ 
/\ 
v 
VA 


)) 
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AIR POSITION 
DEAD RECKONING 
(DR) POSITION 


MOST PROBABLE 
POSITION 


COMPUTER POSITION 
FIX 

CELESTIAL 

LORAN 

MAP READING 
OMEGA 

RADIO 

RADAR 


CELESTIAL 
ASSUMED POSITION 


NO CHANGE FROM 
PREVIOUS LOG 
ENTRY 


Digitized by Google 
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A/C 


ADF 


AFC 
A/H 
alt 


ant 


API 


ARCP 
ARCT 
ARIP 
ARTCC 
AS 
ATA 
ATC 
ATF 
AVC 
AWS 


BAS 
BAT 
BD 
BFO 
BMT 
BNS 
BPA 
BRL 
BTA 


CARP 
CAS 
CCW 
CDI 
CF 


CH 
Cl 
cm 
comp 
corr 
CPC 
CRT 
CW 


Attachment 2 


absolute altitude 

alter course, aircraft, aircraft commander 
automatic drift control 

automatic direction finder 

audio frequency 

automatic frequency control 

alter heading 


altitude 


amplitude modulation, ante meridian 


antenna 


airplot, air position, assumed position 
air position indicator 

airborne radar approach 

air refueling control point 

air refueling control time 

air refueling intial point 

Air Route Traffic Control Center 


airspeed 


actual time of arrival 
Air Traffic Control 
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A 


actual time of fall 


automatic volume control 
Air Weather Service 


Azimuth 


basic airspeed 

basic air temperature 

Bellamy drift 

beat frequency oscillator 
beginning of morning twilight 


bomb-nav system 


basic pressure altitude 
bomb resolver locus 


basic true altitude 


computed air release point 
Calibrated airspeed 


C 


counterclockwise 


course deviation indicator 
Coriolis force 
computer flight plan 


compass heading 


climb 
centimeter 


computer, compass 
correction, corrected 
constant pressure chart 


cathode ray tube 


clockwise, continuous wave 


ABBREVIATIONS 


**q’’ 


D 


D,, Do, etc. 


DA 
DAS 
DC 
DCA 
DD 
Dec 
dept 
dest 
dev 
DF 
DG 
DH 
DMAAC 
DME 
DR 
DZ 


EAD 
EAP 
EAS 
EET 
ETA 
ETAS 
ETP 


FAA 
FAR 


FIO 
FIR 
FLIP 


FSS 


GAT 
GC 


GEOREF 
GH 

GHA 
GMT 

GN 


D 
correction to tabulated altitude for minutes of 
declination 
D-soundings, difference between TA and PA 
successive D readings 
density altitude, drift angle 
density airspeed 
drift correction 
drift correction angle 
double drift 
declination 
departure 
destination 
deviation 
direction finder 
directional gyro 
desired heading 
Defense Mapping Agency Aerospace Center 
distance measuring equipment 
dead reckoning 
drop zone 


east, error | 
effective air distance 
effective air path 
equivalent airspeed 

end of evening twilight 
estimated time of arrival 
effective true airspeed 
equal time point 


F 


Federal Aviation Agency 
Federal Air Regulations 

final heading 

Flight Information Office 
Flight Information Regions 
Flight Information Publications 
frequency modulation 

Flight Service Station 


G 


acceleration caused by gravity 
Greenwich apparent time 

grid course 

ground controlled approach 

World Geographic Reference System 
grid heading 

Greenwich hour angle 

Greenwich mean time 

grid north 
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GP 

GPI 

griv or GV 
GS 

GST 


Hc 
HF 
Hg 
Ho 
Hp 
Hs 
Hz 


IAS 
IAT 
ICAO 
IF 
IFF 


IH 
ILS 
ind 
INS 
intcp 
IP 
IPA 
ITA 


lat 
LAT 
LCT 
LF 
LHA 
Lm 
LMT 
Ln 
L.O. 
long 
LOP 
LOS 


gyro precession 

ground position indicator 
grid variation, grivation 

groundspeed 

Greenwich sidereal time 


H 


altitude, height, high 

computed altitude (celestial) 

high frequency (3,000-30,000 kHz) 
mercury 

observed altitude 

precomputed altitude (celestial) 
sextant altitude (celestial) 

cycles per second 


indicated airspeed 

indicated air temperature 
International Civil Aviation Organization 
intermediate frequency 

Identification Friend or Foe 
Instrument Flight Rule 

initial heading 

instrument landing system 

indicated 

inertial navigation system 

intercept 

initial point, identification of position 
indicated pressure altitude 

indicated true altitude 


J-K 


knots 

constant 

kilocycles (1000 cycles) per second 
kilometer 


low 

latitude 

local apparent time 
local civil time 
low frequency (30-300 kHz) 
local hour angle 
midlatitude 

local mean time 
LORAN 

level off 

longitude 

line of position 
line of sight 


L-R 
LST 


<3 


mb 
MB 
MC 
MC&G 
MF 
MGRS 
MH 
mHz 
mm 


mph 
MPP 
ms 
MSL 


NDB 
NM 
NMC 


OAT 


PA 
PAV 
PCA 
PGF 
PLOP 
PM 
pos 
PPI 
pps 
PR 
PRF 
PRR 
PRT 
PW 
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left-right 
local sidereal time 


M 
meter 
moment, Mach number 
millibar 


magnetic bearing 

magnetic course 

mapping, charting, and geodetic 
medium frequency (300-3000 kHz) 
Military Grid Reference System 
magnetic heading 

megacycles per second 
millimeter 

magnetic north 

miles per hour 

most probable position 
microseconds 

mean sea level 


north, nadir 

non-directional beacon 

nautical miles 

National Meteorological Center 


O 


outside air temperature 


P 


pressure altitude, parallax 
pressure altitude variation 
positive control area 
pressure gradient force 
pressure line of position 
pulse modulation, post meridian 
position 

plan position indicator 
pulses per second 

position report 

pulse recurrence frequency 
pulse recurrence rate 

pulse recurrence time 
pulse wave 


Q 


correction applied to Ho of Polaris 


TA 
TAMPA 
TAR 
TAS 
TAT 
TB 
TC 
TCA 
temp 
tet 
TH 
TN 
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radius 

refraction 

relative bearing 

radio frequency 

radio magnetic indicator 
receiver/transmitter 


Ss 


south, speed 

semidiameter 

single drift correction 

sextant 

sidereal hour angle 

standard instrument departure 
selective identification feature 
single sideband 

sensitivity time constant 


T 


true altitude 

true altitude minus pressure altitude 
terrain avoidance radar 
true airspeed 

true air temperature 
true bearing 

true course 

terminal control area 
temperature 

target 

true heading 

true north 


TO 
TP 
Tr 
T/R 


UHF 
UIR 
UPS 
UTM 


var 
VHF 
VLF 


VOR 
VRM 


WAC 


WS 
W/V 


ZD 
Zn 


ZT 


A2-3 


takeoff 

turning point - 
track 
transmitter/receiver 


U 


ultra high frequency (300-3000 mHz) 
Upper Information Region 

Universal Polar Stereographic 
Universal Transverse Mercator 


V 


variation, variable 

Visual Flight Rule 

very high frequency (30,000-300,000 kHz) 
very low frequency (below 30 kHz) 

VHF omnidirectional range (omnirange) 
variable range marker 


WwW 


west 

World Aeronautical Chart 
wind direction 

wind speed 

wind velocity, wind vector 


X-Y-2 


azimuth angle 

zenith distance, zone difference 
true azimuth 

pressure pattern displacement 
zone time 
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EXPLANATION OF TERMS 


AGIONIC LINE—A line on a chart joining points of no 


magnetic variation. . 

AIR ALMANAC—a joint publication of the US Naval 
Observatory and British Royal Observatory covering a four- 
month period. It contains tabulated values of the Greenwich 
hour angle and declination of selected celestial bodies, plus 
additional celestial data used in navigation. 

AIR DISTANCE (AD)—Distance that is measured relative to 
the mass of air through which an aircraft passes; the no-wind 
distance flown in a given time (TAS x time). 

AIRPLOT (AP)—A continuous plot of a graphic representa- 
tion of true heading and air distance. 

AIR POSITION (AP)—The no-wind position of an aircraft at 
a given time. 

AIRSPEED (AS)—The speed of an aircraft relative to its 
surrounding air mass. 

Calibrated Airspeed (CAS)—Indicated airspeed corrected 
for pitot-static installation and (or) the attitude of the aircraft. 

Equivalent Airspeed (EAS)—Calibrated airspeed corrected 
for compressibility-of-air error. 

Indicated Airspeed (IAS)—The uncorrected reading 
obtained from the airspeed indicator. 

True Airspeed (TAS)—Equivalent airspeed corrected for 
density altitude (pressure and temperature). 

AIRSPEED INDICATOR (ASI)— An instrument which gives 
a measure of the rate of motion of an aircraft relative to the 
surrounding air. 

AIR TEMPERATURE 

Basic Air Temperature (BAT)—Indicated air temperature 
corrected for the instrument error. 

Corrected Mean Temperature (CMT)—The average be- 
tween the target temperature and the true air temperature of 
flight level. 

Indicated Air Temperature (IAT)—The uncorrected read- 
ing from the free air temperature gage. 

True Air Temperature (TAT)—Basic air temperature cor- 
rected for the heat of compression error. Also known as outside 
air temperature (OAT). | 
AIRWAY — An air corridor established for the control of traffic 
and marked with radio navigation aids. 

ALTER COURSE (A/C)—A change in course to a destination 
or a tuming point. 

ALTER HEADING (A/H)—The change in heading to make 
good the intended course. 

ALTIMETER—A flight instrument that indicates the altitude 
above a given reference level or point. Altimeters generally are 
of two types. absolute and pressure. 

Absolute Altimeter—The absolute or radar altimeter indi- 
cates the altitude above the terrain, land, or water directly below 
the aircraft. Operates on the principle of measuring the time for 
transmission and return of radio-frequency energy. 

Pressure Altimeter—The pressure altimeter uses an aneroid 
barometer to measure atmospheric pressure. The altimeter is 
calibrated to indicate feet of altitude above a selected datum 
plane. 


ALTIMETER SETTING (ALT Set)—Station pressure re- 
duced to sea level, expressed in inches of mercury or millibars. 
When this value is set into the altimeter, the instrument reading 
is indicated true altitude. 

ALTITUDE—The vertical distance of a level, a point, or an 
object considered as a point, measured from a given surface. 

Absolute Altitude—The altitude above the terrain directly 
below the aircraft. 

Pressure Altitude—The altitude above the standard datum 
plane. This standard datum plane is where the air pressure is 
29.92 inches of mercury (corrected to plus 15° C). 

Density Altitude—Pressure altitude corrected for tempera- 
ture. Pressure and density altitudes are the same when condi- 
tions are standard (refer to standard atmosphere table.) As the 
temperature rises above standard, the density of the air de- 
creases, hence an increase in density altitude. 

Indicated Altitude— Altitude displayed on the altimeter. 

Calibrated Altitude—Indicated altitude corrected for in- 
stallation error. If an altimeter correction card is available, this 
definition may include scale error. 

True Altitude—Calibrated altitude corrected for nonstan- 
dard atmospheric conditions. Actual height above mean sea 
level. 

Flight Level—A surface of constant atmospheric pressure 
related to the standard datum plane. In practice, a calibrated 
altitude maintained with a 29.92” Hg reference on the 
barometric scale. 

ALTITUDE, CELESTIAL—Angular distance of a celestial 
body above the celestial horizon, measured along the vertical 
circle. 

Computed Altitude (Hc)—-A mathematical computation of 
the correct celestial altitude of a body at a specific geographic 
position, for a given date and time. 

Observed Altitude (Ho)—The sextant altitude corrected for 
sextant and observation errors. 

Precomputed Altitude (Hp)—Computed celestial altitude 
corrected for all known observational errors and adjusted to the 
time of the observed altitude. 

Sextant Altitude (Hs)—A celestial altitude measured with a 
sextant; the angle measured in a vertical plane between an 
artificial or sea horizon and a celestial body. 


ALTITUDE DELAY— A controlled delay applied to the start 


of the trace to eliminate the altitude hole on the PPI-type display. 
ALTITUDE HOLE—The blank area in the center of the PPI, 
the outer edge of which represents the point on the ground 
immediately beneath the aircraft. 

ARIES, FIRST POINT OF (Y)—The point on the equinoctial 
where the Sun moving along the ecliptic passes from south to 
north declination. Also known as vernal equinox. 
ASSUMED POSITION (AP)—The geographic position upon 
which a celestial solution is based. 

ASTRONOMICAL TRIANGLE—A triangle on the celestial 
sphere bounded by the observer’s celestial meridian, the vertical 
circle, and the hour circle through the body, and having as its 
vertices the elevated pole, the observer’s zenith, and the body. 
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AZIMUTH ANGLE (Z)—tThe interior angle of the astro- 
nomical triangle at the zenith measured from the observer’s 
meridian to the vertical circle through the body. 

AZIMUTH STABILIZATION— Orientation of the picture on 
a radarscope so as to place true north at the top of the scope. 
AZIMUTH, TRUE (Zn)—The angle at the zenith measured 
clockwise from true north to the vertical circle passing through 
the body. _ 

BASE LINE—The line joining the master and slave LORAN 
stations. 

BASE LINE EXTENSION—The extension of the base line 
through and beyond the master and slave LORAN stations. 
BEACON—A ground navigational light, radio, or radar trans- 
mitter used to provide aircraft in flight with a signal to serve as a 
reference for the determination of accurate bearings or posi- 
tions. 

BEAM WIDTH—The effective width in azimuth of radiation 
from an antenna. 

BEAM WIDTH ERROR—An azimuth distortion of a radar 
beam display caused by the width of the radar beam. 
BEARING—The horizontal angle at a given point, measured 
clockwise from a specific reference datum, to a second point. 
The direction of one point relative to another, as measured from 
a specific reference datum. 

Magnetic Bearing (MB)—The horizontal angle at a given 
point, measured from magnetic north, clockwise, to the great 
circle through the object or body and the given point. 

Relative Bearing (RB)—The horizontal angle at the aircraft 
measured clockwise from the true heading of the aircraft to the 
great circle containing the aircraft and the object or body. 

True Bearing (TB)—The horizontal angle at a given point 
measured from the true north clockwise to the great circle 
passing through the point and the object or body. 
BELLAMY DRIFT—The net drift angle of the aircraft calcu- 
lated between any two pressure soundings. 

BLIP—The display of a received pulse on a CRT; a spot of light 
representing a target; (LORAN) an upward deflection of the 
trace representing the received signal. Also known as pip. 
BRANCH, LOWER—Half of an hour circle opposite from 
‘‘upper branch,’’ defined below. 

BRANCH, UPPER—That half of an hour circle or meridian 
which contains the celestial body or the observer’s position. 
CELESTIAL EQUATOR—The great circle formed by the 
intersection of the plane of the Earth’s equator with the celestial 
sphere. Also known as Equinoctial. 

CELESTIAL MERIDIAN—A great circle on the celestial 
sphere formed by the intersection of the celestial sphere and any 
plane passing through the North and South Poles. Any great 
circle on the celestial sphere which passes through the celestial 
poles. 

CELESTIAL NAVIGATION—See Navigation Aids. 
CELESTIAL OBSERVATION ERRORS (Sextant) 

Acceleration Error—An error caused by the deflection of 
the liquid in the bubble chamber due to any change in speed or 
direction of the aircraft. 

Coriolis Error—The error introduced in a celestial observa- 
tion taken in flight resulting from the deflective force on the 
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liquid in the bubble chamber, as caused by the path of the 
aircraft in counteracting the Earth’s rotation. 

Index Error—An error caused by the misalignment of the 
sighting mechanism of the instrument. 

Parallax Error—tThe difference between a body’s altitude 
above an artificial or visible horizon and above the celestial 
horizon. The error is present because of the fact that the body is 
not at an infinite distance. 

Personal Error—Errors in celestial observations caused by 
sighting limitations of the observer, or visual interpretation 
which he or she uses in collimating the body during observa- 
tions. 

Refraction Error—aAn error caused by the bending of light 
rays in passing through the various layers of the atmosphere. 

Rhumb Line Correction—The correction applied for the 
bubble-acceleration error caused by the rhumb line path of the 
aircraft. 

Wander Error—The bubble-acceleration error caused by a 
change of track during the celestial shooting period. 
CELESTIAL POLES—tThe points of intersection of the ex- 
tension of the Earth’s axis with the celestial sphere. 
CELESTIAL SPHERE—An imaginary sphere of infinite 
radius whose center coincides with the center of the Earth, on 
which all celestial bodies except Earth are imagined to be 
projected. 

CHART—A graphic representation of a section of the Earth’s 
surface specifically designed for navigational purposes. A chart 
may also be referred to as a map. Although a chart is usually 
specifically designed as a plotting medium for marine or aerial 
navigation, it may be devoid of cultural or topographical data. 
CHECK POINT—A geographical reference point used for 
checking the position of an aircraft in flight. As generally used, 
it is a well-defined reference point easily discernible from the 
air. Its exact position is known or plotted on the navigational 
chart, and was selected in preflight planning for use in checking 
aircraft position in flight. 

CIRCLES 

Circle of Equal Altitude—A circle on the Earth which is the 
locus of all points equidistant from the subpoint of a celestial 
body. The altitude of a celestial body 1s the same measured from 
any point on the circle. 

Diurnal Circle—The daily apparent path of a body on the 
celestial sphere caused by the rotation of the Earth. 

Great Circle—Any circle on a sphere whose plane passes 
through the center of that sphere. 

Hour Circle—A great circle on the celestial sphere passing 
through the celestial poles and a given celestial body. 

Small Circle—Any circle on a sphere whose plane does not 
pass through the center of that sphere. 

Vertical Circle—A great circle which passes through the 
observer’s zenith, nadir, and a body on the celestial sphere. 
CO-ALTITUDE (co-alt)—The small arc of a vertical circle, 
between the observer’s position and the body (90°—altitude). 
CO-DECLINATION (co-dec)—See Polar Distance. 
CO-LATITUDE (co-lat)—The small arc of the observer’s 
celestial meridian, between the elevated pole and the body (90° 
— latitude). 
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COLLIMATION—The correct alignment of the images of the 
bubble of a sextant and the object being observed. 
COMPASS—An instrument which indicates direction meas- 
ured clockwise from true north, or grid north. 

Direct-Indicating—A magnetic compass in which the dial, 
scale, or index is carried on the sensing element. 

Miagnetic—An instrument which indicates direction meas- 
ured clockwise from magnetic north. . 

Remote Indicating—A magnetic compass, the magnetic 
sensing unit of which is installed in an aircraft in a position as 
free as possible from causes of deviation. A transmitter system 
is included so that the compass indication can be read on a 
number of repeater dials suitably placed throughout the aircraft. 
COMPASS DIRECTION—The direction measured clock- 
wise from a particular compass needle which is more often than 
not displaced from the magnetic meridian by local deviating 
magnetic fields. 

COMPASS ROSE—A graduated circle on a map or chart, 
marked in degrees clockwise from 0° through 360° for use as a 
reference in measuring bearings and courses. 
CONSTELLATION—A recognizable group of stars by means 
of which individual stars may be identified. 

CONTOUR LINES— Lines drawn on maps and charts joining 
points of equal elevation; also, a line connecting points of equal 
altitude on a constant-pressure chart. 

CONTROLLED TIME OF ARRIVAL—A method of arriv- 
ing at a destination at a specified time by changing direction and 
(or) speed of an aircraft. 

CONTROL POINT—The position an aircraft must reach at a 
predetermined time. 

COORDINATES 

Celestial (1)—The equinoctial system involves the use of 
sidereal hour angle and declination to locate a point on the 
celestial sphere with reference to the first point of Aries and the 
equinoctial. 

Celestial (2)—The horizon system involves the use of azi- 
muth and altitude to locate a point on the celestial sphere for an 
instant of time from a specific geographical position on the 
Earth. 

Celestial (3)—-The Greenwich system involves the use of 
Greenwich hour angle and declination to locate a point on the 
celestial sphere with reference to the Greenwich meridian and 
the equinoctial for a given instant of time. 

Geographical—tThe latitude and longitude used to locate 
any given point on the surface of the Earth. 

Grid—aA system of coordinates in which the area concerned 
is divided into rectangles which are in turn subdivided, and in 
which the subdivisions or the dividing grid lines are designated 
by numbers and (or) letters to serve as references in locating 
positions or small areas. Also a rectangular grid or fictitious 
chart graticule which is oriented with grid north. 

Polar—aA system of coordinates used in locating a point by 
direction and distance from an origin. 

Rectangular—A system of coordinates based on a rectangu- 
lar grid; sometimes referred to as grid coordinates. 
CORIOLIS ERROR—See Celestial Observation Errors. 
CORIOLIS FORCE—An apparent force due to the rotation of 
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the Earth which causes a moving body to be deflected to the 
right in the Northern Hemisphere and to the left in the Southern 
Hemisphere. 

COURSE—The direction of the intended path of an aircraft 
over the Earth; or the direction of a line on a chart representing 
the intended aircraft path, expressed as the angle measured from 
a specific reference datum clockwise from 0° thru 360° to the 
line. 

Great-Circle Course—The route between two points on the 
Earth’s surface measured along the shorter segment of the 
circumference of the great circle between the two points. A 
great circle course establishes the shortest distance over the 
surface of the Earth between any two terrestrial points. 

Grid Course—The horizontal angle measured clockwise 
from grid north to the course line. The course of an aircraft 
measured with reference to the north direction of a polar grid. 

Magnetic Course—The horizontal angle measured from the 
direction of magnetic north clockwise to a line representing the 
course of the aircraft. The aircraft course measured with refer- 
ence to magnetic north. 

True Course (TC)—The angle measured clockwise from 
true north to the line representing the intended path of the 
aircraft. 

Course Line— A line of position which is parallel or approx- 
imately parallel to the track of the aircraft. A line of position 
used to check aircraft position relative to intended course. — 
CRAB—A correction of aircraft heading into the wind to make 
good a given track; correction for wind drift. 

CRUISE CONTROL—The operation of an aircraft to obtain 
the maximum efficiency on a particular mission (most miles per 
amount of fuel). 

‘“*—D’? SOUNDING—The difference between pressure altitude 
and true altitude as determined at a given time in flight (true 
altitude minus pressure altitude). 

DATUM—Refers to a direction, level, or position from which 
angles, heights, depths, speeds, or distances are conventionally 
measured. 

DAY 

Civil Day—tThe interval of time between two successive 
lower transits of a meridian by the mean (or civil) Sun. 

Sidereal Day—The interval of time between two successive 
upper transits of a meridian by the first point of Aries (23 hours 
56 minutes). 

Solar Day—The interval of time between two successive 
lower transits of a meridian by the true (apparent) Sun. 
DEAD RECKONING—The directing of an aircraft and deter- 
mining of its position by the application of direction and speed 
data to a previous position. 

DEAD-RECKONING (DR) POSITION—The position of an 
aircraft determined for a given time by the application of direc- 
tion and speed data only. 
DECLINATION (dec)—The angular distance to a body on the 
celestial sphere measured north or south through 90° from the 
celestial equator along the hour circle of the body (comparable 
to latitude). 

DEVIATION (dev)—Compass error caused by the magnetism 
within an aircraft; the angle measured from magnetic north 


eastward or westward to the direction of the Earth’s lines of 
magnetic force as deflected by the aircraft’s magnetism. 
DEVIATION CORRECTION—The correction applied to a 
compass reading to correct for deviation error. The numerical 
equivalent of deviation with the algebraic sign added to mag- 
netic heading to obtain compass heading. 

DIP 

Celestial—The angle of depression of the visible sea horizon 
due to the elevation of the eye of the observer above the level of 
the sea. 

Magnetic—The vertical displacement of the compass needle 
from the horizontal caused by the Earth’s magnetic field. 
DIURNAL CIRCLE—See Circles. 

DOG LEG—A route containing a major alteration of course 
(as opposed to a straight-line course. ) 

DOUBLE DRIFT (DD)—A method of determining the wind 
by observing drift on an initial true heading and two other true 
headings which are flown in a specific pattern. Also called 
multiple drift. 

DRIFT—The rate of lateral displacement of the aircraft by the 
wind, generally expressed in degrees. 

DRIFT ANGLE—The angle between true heading and track 
(or true course), expressed in degrees night or left according to 
the way the aircraft has drifted. 

DRIFT CORRECTION (DC)—Correction for drift, ex- 
pressed in degrees (plus or minus), and applied to true course to 
obtain true heading. 

DRIFTMETER—An instrument used for measuring drift. 
ECLIPTIC—The great circle on the celestial sphere along 
which the apparent Sun, by reason of the Earth’s annual revolu- 
tion, appears to move. The plane of the ecliptic is tilted to the 
plane of the equator at an angle of 23° 27’. 

EFFECTIVE AIR DISTANCE (EAD)—The distance meas- 
ured along the effective air path. 

EFFECTIVE AIR PATH (EAP)—A straight line on a naviga- 
tion chart connecting two air positions, commonly used be- 
tween the air positions of two pressure soundings to determine 
effective true airspeed (ETAS) between the two soundings. 
EFFECTIVE TRUE AIRSPEED (ETAS)—The effective air 
distance divided by the elapsed time between two pressure 
soundings. 

ELEVATED POLE—That celestial pole which is on the same 
side of the equinoctial as the position of the observer. 
EQUAL ALTITUDE—See Circles. 

EQUATION OF TIME—The amount of time by which the 
mean Sun leads or lags behind the true Sun at any instant. The 
difference between mean and apparent times expressed in units 
of solar time with the algebraic sign, so that when added to mean 
time it gives apparent time. 

EQUATOR—The great circle on the Earth’s surface equidis- 
tant from the poles. Latitude is measured north and south from 
the equator. 

EQUINOCTIAL— See Celestial Equator. 

EQUINOX 

Autumnal Equinox—The point on the equinoctial when the 
Sun, moving along the ecliptic, passes from north to south 
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declination. This usually occurs on 21 September. 

Vernal Equinox—tThe point on the equinoctial where the 
Sun, moving along the ecliptic, passes from south to north 
declination. This usally occurs on 21 March. 
FIELD-ELEVATION PRESSURE—The existing atmos- 
pheric pressure in inches of mercury at the elevation of the field. 
Also known as station pressure. 

FIX—The geographic position of an aircraft for a specified 
time, established by navigational aids. 

FLIGHT PLAN—Predetermined information for the conduct 
of a flight. That portion of a flight log that is prepared before the 
mission. 

GEOREF— An international code reference system for report- 
ing geographic position (similar to rectangular coordinates). 
GEOSTROPHIC WIND—The mathematically calculated 
wind which theoretically blows parallel to the contour lines, in 
which only pressure-gradient force and Coriolis force are con- 
sidered. : 

GRADIENT WIND—Generally accepted as the actual wind 
above the friction level, influenced by Coriolis force, pressure 
gradient, and centrifugal force. 

GRATICULE—A system of vertical and horizontal lines that 
is used to divide a drawing, picture, etc., into smaller sections. 
On a map the graticule consists of the latitude and longitude 
lines. 

GREENWICH MERIDIAN—The prime meridian which 
passes through Greenwich, England, and from which longitude 
is measured east or west. 

GRID NAVIGATION—A method of navigation using a grid 
overlay for direction determination. 

GRIVATION (griv)—The angle between grid north and 
magnetic north at any point. 

GROUND PLOT—A graphic representation of track and 
groundspeed. 

GROUND RANGE—The horizontal distance from the sub- 
point of the aircraft to an object on the ground. 

GROUND RETURN—The reflection from the terrain as dis- 
played on a CRT. 

GROUNDSPEED (GS)— The actual speed of an aircraft rela- 
tive to the Earth’s surface. 

GROUND WAVE—A radio wave that is propagated over the 
surface of the Earth and tends to parallel the Earth’s surface. 
HEADING—The angular direction of the longitudinal axis of 
an aircraft measured clockwise from a reference point. 

Compass Heading (CH)—The reading taken directly from 
the compass. 

Grid Heading (GH)—The heading of an aircraft with refer- 
ence to grid north. 

Magnetic Heading (MH)—The heading of an aircraft with 
reference to magnetic north. 

True Heading (TH)—The heading of an aircraft with refer- 

ence to true north. 
HEAT OF COMPRESSION ERROR—The error caused by 
the increase in the indication of the free air temperature gage, 
due to air compression and friction on the case around the 
sensitive element. 
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HERTZ (Hz)—The standard unit notation for measure of fre- 
quency in cycles per second; i.e., 60 cycles per second is 60 Hz. 
HOMING—A technique of arriving over a destination by 
keeping the aircraft headed toward that point by reference to 
radio, LORAN, radar, or similar devices. 

HORIZON 

Bubble Horizon—An artificial horizon parallel to the celes- 
tial horizon, established by means of a bubble level. 

Celestial Horizon—The great circle on the celestial sphere 
formed by the intersection of a plane passing through the center 
of the Earth which is parallel to the plane tangent to the Earth at 
the observer’s position. | 

Visible Horizon—The circle around the observer where 
Earth and sky appear to meet. Also called natural horizon or sea 
horizon. 

HOUR ANGLE 

Greenwich Hour Angle (GHA)—The angular distance 
measured from the upper branch of the Greenwich meridian 
westward through 360° to the upper branch of the hour circle 
passing through a body. 

Local Hour Angle (LHA)—The angular distance measured 
from the upper branch of the observer’s meridian westward 
through 360° to the upper branch of the hour circle passing 
through a body. 7 

Sidereal Hour Angle (SHA)—The angular distance meas- 
ured from the upper branch of the hour circle of the first point of 
Aries westward through 360° to the upper branch of the hour 
circle passing through a body. 

HOUR CIRCLE—See Circle. 

INDEX ERROR—See Celestial Observation Error. 
INHERENT DISTORTION—The distortion of the display of 
a received radar signal caused by the design characteristics of a 
particular radar set. 

INITIAL POINT (IP)—A preselected geographical position 
which is used as a reference for the beginning of a run on a 
target. 

INTERCEPT, CELESTIAL—The difference in minutes of 
arc between an observed altitude of a celestial body and its 
computed altitude for the same time. This difference is mea- 
sured as a distance in nautical miles from the plotting position 
along the azimuth of the body to determine the point through 
which to plot the line of position. 

INTERNATIONAL DATE LINE—The anti-meridian of 
Greenwich, modified to avoid island groups and land masses; in 
crossing this Greenwich anti-meridian there is a change of local 
date. 

ISOBAR—A line joining points of equal pressure. 
ISOGONIC LINE (Isogonal)—A line drawn on a chart join- 
ing points of equal magnetic variation. 

ISOGRIV—A line drawn on a chart joining points of equal 
grivation. 

ISOTACH—A line drawn on a chart joining points of equal 
wind speed. 

ISOTHERM—-A line drawn on a chart joining points of equal 
temperature. 

KNOTS (k)—Nautical miles per hour. 
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LANDFALL—The first point of land over which an aircraft 
crosses when flying from seaward; also as used in celestial 
navigation, the procedure in which an aircraft is flown along a 
celestial line of position which passes through destination. 
LATERAL AXIS—An imaginary line running through the 
center of gravity of an aircraft, parallel to the straight line 
through both wing tips. 
LATITUDE (lat)—Angular distance measured north or south 
of the equator along a meridian, 0° through 90°. 
LINE OF CONSTANT BEARING—An unchanging direc- 
tional relationship between two moving objects. 
LINE OF POSITION (LOP)—A line containing all possible 
geographic positions of an observer at a given instant of time. 
LOG—A written record of computed or observed flight data; 
generally applied to the written navigational record of a flight. 
LONGITUDE (long)— The angular distance east or west of the 
Greenwich meridian, measured in the plane of the equator or of 
a parallel from 0° to 180°. 
LONGITUDINAL AXIS—An imaginary line running fore 
and aft through the center of gravity of an aircraft, parallel to the 
axis of the propeller or thrust line. 
LORAN—See Navigational Aids. 
LUBBER LINE—A reference mark representing the longitu- 
dinal axis of an aircraft. 
MACH NUMBER—The ratio of the velocity of a body to that 
of sound in the medium in which the craft is moving. 
MAGNETIC DIRECTION—A direction measured clock- 
wise from the magnetic meridian. 
MAP READING—See Navigational Aids. 
MAP SYMBOLS—Figures and designs used to represent 
topographical, cultural, and aeronautical features on a map or 
chart. 
MARKER BEACONS—Radio beacons established at range 
stations, along airways, and at intermediate points between 
range stations to assist pilots and observers in fixing position. 
Fan-Type—A 75-megaHertz radio transmitter usually in- 
stalled at strategic points along a radio range across the on- 
course signal. The signal is produced 1n a space shaped like a 
thick fan immediately above the transmitter. The signal may be 
received visually or aurally, depending on the receiver. 
M-Type—A_ low-powered, nondirectional radio station 
which transmits a characteristic signal once every few seconds. | 
The range of the receiver 1s approximately 10 miles. 
Z-Type—A special 75-megaHertz radio which transmits a 
signal within the cone of silence to enable the pilot to identify his 
or her position over the range station. The signal may be picked 
up visually or aurally depending on the receiver used. In Air 
Force aircraft, a marker-beacon light flashes on as the aircraft 
enters the cone of silence. 
MASTER STATION—The primary or control transmitter sta- 
tion, the signal of which triggers the transmitter of one or more 
other stations. Also a transmitter station, the signals of which 
are used by other stations as a basis for synchronizing transmis- 
sions. 
MEAN SEA LEVEL (MSL)—The average level of the sea, 
used to compute barometric pressure. 
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MEAN SUN—An imaginary Sun traveling around the equinoc- 
tial at the average annual rate of the true Sun. 
MERIDIONAL PART—A unit of measurement equal to 1 
minute of longitude at the equator. 

MINIMAL FLIGHT PATH—A path which affords the short- 
est possible time en route, obtained by using maximum assist- 
ance from the winds. 

MOST PROBABLE POSITION (MPP)—The computed 
position of an aircraft determined by comparing a DR position 
and an LOP or a fix of doubtful accuracy determined for the 
Same time, in which relative weights are given to the estimated 
probable errors of each. 

NADIR—The point on the celestial sphere directly beneath the 
observer’s position. 

NAUTICAL MILE (NM)—A unit of distance used in naviga- 
tion, 6080 ft; the mean length of | minute of longitude on the 
equator; approximately 1 minute of latitude; 1.15 statute miles. 
NAVIGATION AIDS—Any means of obtaining a fix or LOP 
as an aid to dead reckoning. 

Celestial—The determination of position by reference to 
celestial bodies. 

Consol/Consolan—A rotating radio-signal system used for 
long-range bearings. 

LORAN—An electronic aid to navigation whereby a line of 
position may be determined by measuring electronically the 
time difference between the receipt of pulsating signals of radio 
energy received from two different synchronized transmitting 
Stations. 

Map Reading—The determination of position by identifica- 
tion of land marks with their representations on a map or chart. 

Pressure Differential—The determination of the average 
drift, or the crosswind component of the wind effect on the 
aircraft for a given period by taking ‘‘D’’ soundings and ap- 
plying the formula: 


(D2 — D)) 
ETAS 


where ZN is the cross wind component, K is the Coriolis 
constant, ETAS is the effective true airspeed, and D, and D, are 
the values of the pressure soundings. 

Radar—The determination of position by obtaining in- 
formation from a radar indicator. 

Radio—The determination of position by the use of radio 
facilities. 

NORTH 

Compass North—The direction indicated by the north- 
seeking end of a compass needle. 

Grid North (GN)—An arbitrarily selected direction of a 
rectangular grid. In grid navigation the direction of the 180° 
geographical meridian from the pole is almost universally used 
as standard grid north. 

Magnetic North (MN)—The direction towards the north 
magnetic pole from an observer’s position. 

True North (TN)—The direction from an observer’s posi- 
tion to the geographical North Pole. The north direction of any 
geographical meridian. 


Zn = K 
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PARALLAX ERROR—See Celestial Observation Errors. 
PERSONAL ERROR—See Celestial Observation Errors. 
PITCH—Movement of an aircraft around the lateral axis. 
PITOT—A cylindrical tube with an open end pointed up- 
stream; used in measuring impact pressure, particularly in an 
airspeed indicator. 

PITOT-STATIC TUBE—A parallel or coaxial combination of 
a pitot and static tube. The difference between the impact 
pressure and the static pressure is a function of the velocity of 
flow past the tube and may be used to indicate airspeed of an 
aircraft in flight. 

POLAR DISTANCE— Angular distance from a celestial pole 
or the arc of an hour circle between the celestial pole or the arc of 
an hour circle between the celestial pole and a point on the 
celestial sphere. It is measured along an hour circle and may 
vary from 0° to 180°, since either pole may be used as the origin 
of measurement. It is usually considered the complement of 
declination, though it may be either 90° — declination or 90° 
+ declination, depending upon the pole used. 

PRECESSION 

Apparent—The apparent deflection of the gyro axis, relative 
to the Earth, due to the rotating effect of the Earth and not due to 
any applied forces. 

Induced (Real)—The movement of the axis of a spinning 
gyro when a force is applied. The gyro precesses 90° from the 
point of applied pressure in the direction of rotation. 

Of the Equinox—The average yearly apparent movement of 
the first point of Aries to the west. | 
PRECOMPUTED CURVE—A graphical representation o 
the azimuth and (or) altitude of a celestial body plotted against 
time for a given assumed position (or positions), and which is 
computed for subsequent use for celestial observations. Used in 
celestial navigation for the determination of position, or to 
check a sextant. 

PRESSURE ALTITUDE VARIATION (PAV)—The pressure 
difference, in feet, between mean sea level and the standard 
datum plane. 

PRESSURE LINE OF POSITION (PLOP)—A line of posi- 
tion computed by the application of pressure pattern principles. 
Specifically, a line parallel to the effective air path and ZN 
distance from the air position for a given time. (See Navigation- 
al Aids.) 


-PROCEDURE TURN—A constant-rate turn of an aircraft in 


flight; used for computing the radius of turn and time required 
for its execution when very accurate navigation is requfred in 
controlling time or maintaining accurate, briefed tracks; usually 
associated with the turn made at the intial point of a bomb run to 
insure that the bombing run is made on the briefed axis of attack. 
PROJECTION (CHART, MAP)—A process of mathemati- 
cally constructing a representation of the surface of the Earth on 
a flat plane. 

PULSE DURATION OR PULSE WIDTH—The duration, in 
microseconds, of each pulse in a radar transmission. 
PULSE-LENGTH ERROR—A range distortion of a radar 
return caused by the duration of the pulse. 

PULSE RECURRENCE RATE (PRR)—The number of 
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pulses transmitted per second by a radar or radio transmitter. 
Also known as pulse recurrence frequency (PRF). 
PULSE RECURRENCE TIME (PRT)—The interval of 
time, in microseconds, between the transmission of two succes- 
Sive radar or radio pulses. 
QUADRANTAL ERROR—The error in a radio direction in- 
dication introduced by the bending of radio waves by electrical 
currents and the structural metal in the aircraft. It may also refer 
to magnetic-compass errors resulting from the same causes. 
RADAR BEACON (RACON)—A stationary transmitter- 
receiver which sends out a coded signal when triggered by a 
radar pulse. 
RADAR BEAM—-A directional concentration of radio energy. 
RADAR NAUTICAL MILE—The time required for a radar 
pulse to travel out 1 nautical mile and the echo pulse to return 
(12.4 ms). 
RADIO COMPASS (ADF)—A radio receiver equipped with a 
rotatable loop antenna which is used to measure the bearing to a 
radio transmitter. 
RADIO FREQUENCY (RF)—Any frequency of electrical 
energy above the audio range which is capable of being radiated 
into space. 
RADIO NAVIGATION—See Navigational Aids. 
RADIUS OF ACTION—The maximum distance that an air- 
craft can fly from its base before returning to the same or 
alternate base and still have a designated margin of fuel. 
RADOME—A bubble-type cover for a radar antenna. 
RANGE CONTROL—The operation of an aircraft to obtain 
the optimum flying time. 
RANGE DEFINITION—The accuracy with which a radar set 
Can measure range—usually a function of pulse shape. 
RANGE, MAXIMUM—The maximum distance a given air- 
craft can cover under given conditions by flying at the econo- 
mical speed and altitude at all stages of the flight. 
REVOLUTION (of the Earth)—The Earth’s elliptical path 
about the Sun which determines the length of the year and causes 
the seasons. 
RHUMB LINE—A line on the surface of a sphere which 
makes equal oblique angles with all meridians. A loxodromic 
curve. 
ROTATION (of the Earth)—The spinning of the Earth from 
t he west to the east on its own axis which determines the days. 
RRUNNING FIX—A fix determined from a series of lines of 
position, based on the same object or body and resolved for a 
common time. 
SCAN—The motion of a beam of RF energy caused by rotating 
or displacing the reflecting element or the antenna in relation to 
the reflecting element. The search pattern of an antenna. 
SEMIDIAMETER (SD)—The value in minutes of arc of the 
radius of the Sun or the Moon. 
SEXTANT— An optical instrument normally containing a two- 
power telescope with a 15° field of vision. It also contains a 
series of prisms geared to an altitude scale permitting altitude 
measurement of a celestial body’s altitude from — 10° below the 
horizon to 92° above the horizon. 
SKY WAVES— A radio signal reflected one or more times from 
the 1onosphere. 
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SLANT RANGE—Measurement of range along the line of 
sight. 

SLAVE STATION—The station of a network which is con- 
trolled or triggered by the signal from the master station. 
SOLSTICE—Those points on the ecliptic where the Sun 
reaches its greatest northern or southern declination. Also the 
times when these phenomena occur. 

Summer—That point on the ecliptic where the Sun reaches 
its greatest declination having the same name as the latitude. 

Winter—That point on the ecliptic where the Sun reaches its 
greatest declination having the opposite name as the latitude. 
SPEED LINE—A line of position that intersects the track at an 
angle great enough to be used as an aid in determining ground- 
speed. 

SPOT-SIZE ERROR—A distortion of a radar return caused 
by the size of the electron spot in a cathode-ray tube. 
STANDARD LAPSE RATE 

Temperature—A temperature decrease of approximately 2° 
centigrade for each 1,000 feet increase in altitude. 

Pressure—A decrease in pressure of approximately | inch of 
mercury for each 1,000 feet.. 

STAR MAGNITUDE—A measure of the relative apparent 
brightness of stars. 

STATUTE MILE—5,280 feet or .867 nautical miles. 
SUBPOINT—That point on the Earth’s surface directly be- 
neath an object or celestial body. 

SUN LINE—A line of position obtained by computation based 
on observation of the altitude of the Sun for a specific time. 
SWEEP—The luminous line produced on the screen of a 
cathode ray tube by deflection of the electron beam. Also called 
time base line. See Trace. 

SWEEP DELAY—The electronic delay of the start of the 
sweep used to select a particular segment of the total range. 
TARGET-TIMING WIND— A wind determined from a series 
of ranges and bearings on the same target taken within a relative- 
ly short period of time. 

TIME 

Apparent Time—Time measured with reference to the true 
Sun. The interval which has elapsed since the last lower transit 
of a given meridian by the true Sun. 

Greenwich Apparent Time (GAT)—Local time at the 
Greenwich meridian measured by reference to the true Sun. The 
angle measured at the pole or along the equator or equinoctial 
(and converted to time) from the lower branch of the Greenwich 
meridian westward through 360° to the upper branch of the hour 
circle passing through the true (apparent) Sun. 

Greenwich Mean Time (GMT)—Local time at the Green- 
wich meridian measured by reference to the mean Sun. It is the 
angle measured at the pole or along the equator or equinoctial 
(and converted to time) from the lower branch of the Greenwich 
meridian westward through 360° to the upper branch of the hour 
circle through the mean Sun. 

Greenwich Sidereal Time (GST)—Local sidereal time at 
Greenwich. It is equivalent to the Greenwich hour angle of Aries 
converted to time. 

Local Apparent Time (LAT)—-Local time at the observer's 
meridian measured by reference to the true Sun. The angle 
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measured at the pole or along the equator or equinoctial (and 
converted to time) from the lower branch of the observer’s 
meridian westward through 360° to the upper branch of the 
hour-circle passing through the true (apparent) Sun. 

Local Mean Time (LMT)—Local time at the observer’s 
meridian measured by reference to the mean Sun. It is the angle 
measured at the pole or along the equator or equinoctial (and 
converted to time) from the lower branch of the observer’s 
meridian westward through 360° to the upper branch of the hour 
circle through the mean (or average) Sun. 

Local Sidereal Time (LST)—Local time at the observer’s 
meridian measured by reference to the first point of Aries. It is 
equivalent to the local hour angle of Aries converted to time. 

Mean Time—Time measured by reference to the mean Sun. 

Sidereal Time—Time measured by reference to the upper 
branch of the first point of Aries. 

Standard Time—An arbitrary time, usually fixed by the 
local mean time of the central meridian of the time zone. 

Zone Time—The time used through a 15° band of longitude. 
The time is based on the local mean time for the center meridian 
of the zone. 
~ Zor Zulu Time— An expression indicating Greenwich mean 
time. Usually expressed in four numerals (0001 through 2400). 
TIME ZONE—A band on the Earth approximately 15° of 
longitude wide, the central meridian of each zone generally 
being 15° or a multiple removed from the Greenwich meridian 
so that the standard time of successive zones differs by 1 hour. 
TRACK (Tr)—The actual path of an aircraft over the surface of 
the Earth, or its graphic representation; also called track made 
good. 

TWILIGHT—That period of day, after sunset or before sun- 
rise, when the observer receives sunlight reflected from the 
atmosphere. 

Astronomical Twilight—That period which ends in the 
evening and begins in the morning when the Sun reaches 18° 
below the horizon. 

Civil Twilight—That period which ends in the evening and 
begins in the morning when the Sun reaches 6° below the 
horizon. 

Nautical Twilight—That period which ends in the evening 
and begins in the morning when the Sun reaches 12° below the 
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horizon. 
VARIABLE RANGE MARKER (VRM)—An electronic 
marker, variable in range, displayed on a CRT for purposes of 


accurate ranging; sometimes called bomb-release pip. 


VARIATION (var)—The angle difference at a given point 
between true north and magnetic north expressed as the number 
of degrees which magnetic north is displaced east or west from 
true north. The angle to be added algebraically to true directions 
to obtain magnetic directions. 

WIND—Moving air, especially a mass of air having acommon 
direction or motion. The term is generally limited to air moving 
horizontally or nearly so; vertical streams of air are usually 
called currents. 

WIND DIRECTION AND FORCE—The direction from 
which, and the rate at which, the wind blows. 

WIND DIRECTION AND VELOCITY (W/V)—Wind 
direction and speed. Wind direction is the direction from which 
the wind is blowing expressed as an angle measured clockwise 
from true north. Wind speed is generally expressed in nautical 
miles or statute miles per hour. 

YEAR, APPARENT SOLAR—The period of time between 
two successive passages of the mean Sun through the first point 
of Aries. It has a mean value of 365 days 0S hours 48.75 
minutes. This period contains one complete cycle of the seasons 
and is less than the sidereal year owing to the precession of the 
equinoxes. 

YEAR, SIDEREAL—The period of time between two succes- 
sive passages of the Sun across a fixed position among the stars. 
Its value is constant, and equal to 366 days 06 hours 09 minutes, 
a true measure of the Earth’s period of orbital revolution. 
ZENITH—The point on the celestial sphere directly above the 
observer’s position. 

ZENITH DISTANCE (ZD)—The angular distance from the 
observer’s position to any point on the celestial sphere measured 
along the vertical circle passing through the point. It is equiva- 
lent to co-altitude, but when applied to a body’s subpoint and the 
observer’s position on the Earth it is expressed in nautical miles. 
ZN (Pressure Pattern Displacement)—In pressure pattern 
flying, the displacement in nautical miles, at right angles to the 
effective airpath, due to the crosswind component of the geo- 
strophic wind. 
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Magnetic meridian .............000ceene 4-3 
Magnetic poles, Earth’s..............00. 4-1 
Magnetic storms ..........00cece ee eaee 17-1 
Magnetic variation.............0005 4-3, 4-4 
Map: wearers wari We oem eee sua ee are 2-6 
Map fread ing ..c24eanebuecesetescen cues 6-1 
high: latitudes: S204. 44.scdeww vvacegsa ws 6-7 
IOW EVE cow cus eotigieind se loaves 6-1, 20-4 
NIGN nos sGesestGuteie es ing eeanaenee 6-7 
Marker (radar) ........... eee eee 8-7, 19-10 
Marker DEaCOn a53.34.20060% en ee end be 7-8 
Master slave transmitter (LORAN) .... 18-12 
Master transmitter (LORAN) ......... 18-12 
Mathematical projection .............06. 2-6 
Maximum allowable airspeed indicator. ..4-18 
Mean Gay ssceusesuesd sa eaadewegua ates 9-2 
Mean solar time .......... 0.0 cece ee eee 9-2 
MeCan SOR ov-cetdued bales escobage 9-2, 9-6 
Mean WMG sa.cciais sete: a iad away 9-2 
Measuring (charts) ...........0.. cc eeee 4-29 
COUMSE( <5. 5h Se ibs dee. Reins 4-29, 4-30 
GISVANCOxseiwes 26 ene be Shs base 2 4-30, 4-32 
Measuring radar range ............ 8-4, 8-12 
Mercator, Gerhard...............0000% 2-10 
Mercator projection... ........ 00. caus 2-11 
MClIClania sas Ards oie e ewes cata nta yous 2-2 
COlESUidl cesar ole sont aes eee ees 10-5 
CONIA a eesrins Bia es aes deen eae 2-11 
CONVEIOING 4c atta charees sR Ree awa 17-1 
GRECHWIEN 83 eared owes eu Re Bk 2-4, 9-2 
BUC ctr ecied ede eo ne aaaa een Nos 17-3 
lONGIMUGE 12.055 9.452 he oa ca ee eee Ba oe 2-3 
MAQNCICnes Gs teen eeeaeyeteuss 4-3 
PRIMC x loe cas hie Gamat worsened 2-4, 9-2 
FELCTON CO inn iidac Gas cares sae aw aoe 9-6 
stereographic projection .............. 2-9 
ZO soeee ewe heaueapeceen dat te 2-4, 9-2 
METAR weather reports .............. 22-6 
Midlatitude scale ......... 0.00.0. c eee 4-30 
Midmeridian ........... ccc cece ee eeee 4-3] 
Midnight date change .................. 9-3 
Mile.......... rer oT ee eee 2-4, 4-35 
Miles scale (DR coimputer)............. 4-33 
Military Aviation Notices (MAN) (FLIP). .3-4 
Miltary: Grid 3556 ouch we orc rd casei 2-27 
Military Grid Reference 
System (MGRS).............0000 eee 2-27 
Minute of arc/latitude.................. 2-4 
Minutes scale (DR computer) .......... 4-33 
Mission 
planning ....3-I, 3-4, 6-3, 20-1, 21-7, 22-14 
Modal interference...............000. 19-15 
Modification, DR computer, 
celestial motions ...............00000. 14-6 
Moisture in sextant ......... 0.00.0 16-3 
NEOON (254.90 SER atte aaa ook ate 14-7 
GHA and DeCieicusd iu fan eisdewew mes 9-10 
parallax correction.............0008 16-5 
SEMICIAMELEN .c5 be tee cha wok eae we 16-5 
Sun and Venus .:...0.0c0c0c0c sees as 14-7 
MOOR GRU ci bn aecwainds dia o)e eos wet dese 6-7 
Moonrise and moonset ............... 14-10 
Most probable position 
(MPP) 3% 2 ees eae esses 4-27, 13-4, 18-10 
Motions of celestial bodies........ 10-3, 14-6 
ASOT coi e a knees Scere aes 10-3 
ADPATEN wisewwsidiwseinadees tented 10-3 
DR computer modified for........... 14-6 
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Motion of the observer..... 13-8, 14-6, 14-13 
Monts: Sex tants. 41054 72.4; de eaw ean 16-1 
Mountain shadow............0e cece eee 8-5 
Movide LOP 2Accasantouruewd er ieads tae 5-4 
Multiple targets (radar).............04. 8-12 
Multiplication (DR computer).......... 4-36 
-N- 
N-I compass system......... 0. ccc e eee 4-6 
NAICS. acs tee col keane Shes ea aes 10-5, 10-7 
Natural features, high latitudes .......... 6-8 
Nautical mile (NM) ...........008. 2-4, 4-35 
Navitation, aIf icsivice.se veengeame wwe I-] 
Navigation computers ..............4-- 19-9 
DANCISt) «synthe ars Sarat oes oe 19-11 
Navigational star chart .............04. [5-1 
Navibator slop cc cusudewioneeeudeds aah 3-11 
Navstar GPS ¢2.5 (05a wdswineee seesaw 19-7 
Night effect (radio waves)...........0000- 7-3 
Night map reading..............0cee eee 6-7 
Night photography...............-006. 21-5 
Nondevelopable surface..............65. 2-6 
Nondirectional antenna...............6+. 7-3 
Nondirectional beacon (NDB)........... 7-4 
Nonstandard atinospheric effects........ 4-]2 
Nonstellar bodies ................ 11-4, 11-6 
Noonday-lixXscieciosaadov die sean ewes 14-3 
N onthe cOrld wchsccicas aun bia ad a tutteas 17-3 
NG-ShOW TeluEAS .2-bovewe cee ate aiaa deus 8-5 
Notices to Airman (NOTAM).... 2-24, 3-4, 3-5 
NitattOnirete vies sd decease teceeaee 11-8 
O78 
Oblique cylindrical projection .......... 2-11 
Oblique gnomonic projection............ 2-9 
Oblique Mercator projection ........... 2-12 
Observation errors (celestial) ........... 16-5 
Observation Titne (celestial) ............ 12-1 
Observed altitude (Ho) ........... 10-8, I1-I 
Obstruction, highest.............0.0+42-3-6 
Obstructions (low level)..........600 eee: 6-5 
Off-course correction tables (low level)... . 20-6 
OMESS: cacsardasieoena diac wenh ee ies 19-12 
CGUIPMEN hols nie kee enenaeetigews 19-16 
CLIO! sae rus asia tees 19-14 
Ommirange- (VOR) cee ein eeiegeieca ss 7-5 
Operational Navigation Chart (ONC) ....6-1 
Orbits:-NaWVStal nice gue eee ed ead tes 19-17 
Orthographic projection .........-+.000. 2-9 
Overlay: Orid .a0<ccictinassatet ates ears 17-3 
2 (p< 
Pacing (low level)............0e ee eeeee 20-3 
Parachute: ballisticSs.3 ...5. 55.48 S450 21-4 
Parachute delivery ...........00eceaeee 21-2 
Pata axe 2prae aca eh ne obo ik Pekar 10-8, 16-5 
Parallel of latitude ...................0., 2-3 
Parallels, standard ............ eee eeae 2-13 
Pastagram ....... cece cece set ceeeseens 18-4 
Pencil bear (radar) ......-.-eeeeeeeee, 8-2 
Penetration, frontal .......-.+eeeeee ee, 8-17 
Periscopic sextant... +s. ee eeeeeee eee. 16-1 
Perspective projection ....-+-++-s+eeeee, 2-6 
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Photo reconnaissance. ....... cece senor 21-5 
Pilot weather reports (PIREP) ......... 22-6 
Pinpoint photography .............008- 21-6 
PIR EP cusceteoseisnermaieetea eae eo 22-6 
Pitot-Stalic-CfLOF ohccwe saws sect S08 4-16 
Pitot-static system ...... 0... cence e eee 4-15 
Pitot 1bes6650 4 bees eet arco ids 4-15 
Plain Language Terminal 
Forecasts (PLATF) ........... 22-8, 22-12 
Plat display. cot rGinaiad wee pace erases 8-10 
Plan Position Indicator (PPI) ........... 8-3 
Planesol Earth ss.cccntiasnatese cane es 2-3 
Planet, GHA and Dec of ............... 9-8 
Planet location diagrams............65. 15-1 
Planning (FLIP) c¢ caswecsticeeaes doa es 3-3 
Planning, air refueling. ...........0008- 21-7 
Planning Change Notices (PCN)......... 3-3 
Planning, flight 
reer ae 3-1, 3-4, 6-3, 20-1, 20-3, 21-7, 22-14 
Planning, low level............006. 6-3, 20-1 
Planning, weather..........2.00eeeeee 22-14 
Platform, gimbal............. 0c cece eee 19-4 
Platlorm, stable scccscwiwe deceaen eee. 19-4 
POP sii eit oak Ceres Sane ee es en 18-1, 18-9 
PLEOP icelestiallik 4-404 dic aweadbaw es [8-11 
PIGUGh oui sece ie be eeee esate esies 4-24 
PIOUING 2.22 556s ta S ten eee eae 4-24 
ADF Dearing .c. acacia betai aw ss 7-5 
Celestial 1iXs.05-4u44 csi tbaes 12-7, 13-2 
Celestia COP :.cs seek ape ae 12-9, 13-1! 
Charts) Oflis.aaioawoes5ceudtasaes $45 4-27 
CONSOl ac Cra gadae eee Rees we 18-23 
COOTCINALES! 46400 oad Gore eas 4-29, 4-30 
CQUIDMER tcnresuet shears a Ga wenee 4s 4-27 
EOP ss gua eee acta edie ae we ale Ge 5-2 
LORAN so adcetace (ict ys Seen een 18-15 
PreSSUTE: eaux et we nes eeead 18-8, 18-9 
SVMUONS aw deen gees ied wees 4-24, 4-26 
Point parallel rendezvous ........ 21-9, 21-10 
Point-to-point navigation .............. 7-10 
Polar cap absorption...............6. 19-15 
Polat angle: nite oegay ewe shs owe rsa’ 17-5 
Polar cap anornalies..............6.-. 19-15 
Polar distance (Co-dec)........... 002s 11-2 
Polar gnomonic projection.............. 2-9 
Polar stereographic projection........... 2-9 
Polaris, azimuth of...........00 2c eae 14-10 
Polaris, heading by .................. 14-10 
Polaris, latitude by............002 ce eee 14-1 
Polaris-LOP satiate ce pueekacsas wees 14-] 
Polaris tables, H.O. 249 ............... 14-1 
Polarization error... ....ce cece sce eeeaes 7-3 
Pole as assumed position ............. 14-13 
Poles, celestial.............. 10-2, 10-5, [1-2 
Poles, Ma PNeliCns dc8e. Aw oue wa ee aes 4-| 
Poles, North and South ................ 2-2 
POSIUION Scitae nies oo Oh Rae nets eee 2-| 
Gil SAAR Geen kG aes Rees tee es 4-27 
assumed ..... L1-1, [1-2, 11-4, 13-10, 14-13 
COMPULE! owes caa seeds sa ekraw eens 19-11 
correction (P&N) .........0008. 11-8, 13-5 
dead reckoning ................ 4-26, 8-11 
DIOULING ass ewes bes chen autos 4-29, 4-30 
referencing systeINS.............. ee 2-26 
Positive control area (PCA)............. 3-1 
Potential, radar return..............00.. 8-4 
Precession (gyro) ............ 4-7, 17-7, 19-4 
apparent c.6.ssc6e sees 4-8, 4-9, 17-7, 19-6 
Patin ate iain te Saeed he emma saeue: 17-7 
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Earth transport ........0eeeeeee, 4-8, 17-9 
Eid TraNSPOr siswiceweneeenareee’ 17-10 
fea l...o Geri atta eat stark 4-8, 4-9, 17-7 
tOlaln 5 piwcane ines maa wee eres ene eek 17-7 
LLANSPOltsesvewnm ees ones ows 4-8, 17-9 
tYPCS Ol pois ineveeaeee cob setas 17-7, 17-10 
Precession and nutation .......... 11-8, 13-5 
Precession of the equinoxes ............ 11-8 
Precipitation static noise............06. 18-5 
Precomputation, celestial ..........06.. 12-1 
Prediction, low level ............ee0005 20-4 
GAA serait 07 doa eae be ee a Saath a oa ued 20-4 
WISUAl a 5 wince aoh oie haunave wate a uecpion les 20-4 
Préessure-altimeters «3. sa:0s ese a4 oe ewdieien 4-10 
Pressure altitude...........e0000- 4-10, 4-13 
Pressure, barometric .........0ceeeeces 4-10 
Pressure computations.........eseeeeee 18-3 
Pressure differential errors ...........- 18-10 
Pressure differential techniques ......... 18-1! 
Pressure gradient ..........ccceeeecece 18-3 
Pressure levels, standard ...........s00. 22-2 
Pressure line of position (PLOP).... 18-1, 18-9 
Pressure, plotting .............06- 18-8, 18-9 
PUIMALY PYlOud aves wie e Nese amwaes 17-10 
Prime meridian.............. (oe ak 2-4, 9-2 
PRMIIWESCITCIE o240 4 tacee onc eee 29 
Problem, the air navigation ............. 1-1 
Procedure turns ..........ce0000e 8-18, 20-2 
Procuring charts (FLIP)............00. 2-26 
Prolile display wie svee ued ecctee he owes 8-11 
Prognostic charts ...........e008. 22-1, 22-2 
Projection, chart.............00085 2-6, 2-16 
STIG eiiet ee ee aeeien Cane eae 17-3, 21-7 
Propagation, electromagnetic............ 7-2 
Propagation, wrong-way..........ee6. 19-15 
Pseudorandom noise code (PRN)...... 19-18 
PUART (avseiseeeul avec amen sa cae een 3-11 
Publications..........-.c0000. 1-2, 2-22, 3-2 
Pulse group, LORAN-C.............. 18-19 
Pulse group. LORAN-D.............. 18-23 
Pulse length error (radar)............00. 8-7 
Pulse recurrence rate (PRR) ...... 8-1, 18-15 
Pulse wave (PW) transmission (Doppler). . 4-23 
Pulses (LORAN) ......... 2c cee sceee 18-11 
-Q- 
OCOMrrectiOn: versa win teed nals ee har aeed 14-| 
-R- 
RaCOn tesa jie St ceoa oh cele ea ze 8-10 
Raga ecronss st 366k ee heetareeeesaw aes 8-1 
approach, airborne (ARA)...... 3-11, 8-15 
DIMUME Chea caw awe eee eee 4-14 
beacon (Racon)......... cece cece eee 8-10 
COMPONENTS ich Fen 5 rl be hres asaes 8-| 
DOppler we eveeewen anes eaetiowne 4-21, 4-23 
CNC LY 546 Wied oct Oi ation be Ae sues wes 8-I 
energy election 412.4 ws tid ena cease 8-4 
part of computer system............ 19-10 
prediction (low level)............. .. 20-4 - 
radiation patternS.......... cee eee eee 8-2 
FANGE ys ato eehervea wees s ea uae ee 8-4, 8-12 
return potential cosa iceece ceases Beier 8-4 
LECHNIGUES: scehs bees eviews eee Gas 8-11 
Radarscope error ....... cece eee e wees 4 8-7 
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Radarscope returns .............6- 8-4, 20-4 
Radiations, ionizing...............06. 19-15 
Radi 0 weir eite-otu posed ey her bee sets 7-1 
ANTENNAS toed eee See eee wus -, 7-3 
DedCOnSeao iw be dee eb ees tee eesceds 7-3 
BrOUNd WAVES: 28 ods cece haeswrewiqagads 7-2 
magnetic indicator (RMI)........ 7-5, 7-10 
FANGC se ciacy sips tec os Baw ets eared eee ecads 7-11 
SKY WAVES <6 iyo aan eee ees 7-3 
SPOCIIUIMN 6463544 eaten tesa 7-2 
WAVES: osacilc bones suse wee sare eees 7-2 
Range Control isoc4t dae okie sae aes 3-8 
Range, communication ................ 7-11 
Range, critical........ 0... ccc ee eee eee 8-12 
Range, LORAN ...18-I1, 18-13, 18-14, 18-23 
Range, marker ...............66. 8-7, 19-10 
Range, radar cise sient xesesete es 8-4, 8-12 
Ranpe stadiG 26.2155 6a asu see ces bes 7-14 
RAREP tc ccs ies eee ae eae 22-6 
Real precession............... 4-8, 4-9, 17-7 
Receivers radar «cin ie deeein wie thee 8-1 
Reconnaissance, photo ................ 21-5 
Rectangular coordinates ............... 4-50 
Reference meridian.............0.2ee0ee 9-6 
Reference system, GEOREF ...... 2-28, 2-32 
Reference systern, INS........... 00000. 19-7 
Reference systems, celestial....... 10-11, 11-2 
Reflection, radio energy ..............5. 8-4 
Reflection, radio waves..............06. 7-2 
Reflectivity of structural materials ....... 8-4 
Refraction (celestial) ....... 12-4, 14-13, 16-6 
Refraction (radio waves).............e0 7-2 
Refueling, ailcsccsestecwe dave edeeas 21-6 
Relative bearing (RB) ....2-5, 5-2, 7-5, 14-10 
Relative bearing method......... 12-1, 14-10 
Reliel; Catt: ives eiawese cs 2-24, 6-9 
Remote-indicating gyro-stabilized 
compass (N21) siicocwstses o eeee dss 4-6 
Rendezvous .............6.. 7-10, 8-10, 21-8 
Reporting code, aviation weather ....... 22-6 
Reports, weather. .......... 0... cee eeee 22-6 
Representative fraction ..............4. 2-22 
Requirements, cartographic ............ 2-26 
Resultant Vector s<ssi4s5 whusdaesas vend 4-38 
Return potential (radar) ................ 8-4 
Returns, radarscope..............4. 8-4, 20-4 
Reversal, accuc «sidenote ae 8-7 
Reversal error, altimeter............... 4-12 
Revolution, Earth’s ............... 9-6, 10-3 
Revolution, Sun’s.......... 0. e cee ee ae 9-6 
Rhumb 
line ...2-6, 2-8, 2-11, 2-12, 2-13, 2-15, 4-31 
correction (radiO) ........ cee eee eee 7-6 
error (celestial) i<4<45.nc ee deeu wee wes 16-8 
NCOUOUS oid head iad utes doe ere wes 2-12 
Rigidity in space............ cece ee eves 4-7 
Rotation, Earth’s ..............0.. 9-6. 10-3 
Route deterrnination 
High IOVEl cutsaec kn diae ecw ede eae sf dota Soe 
lOW JEVEL 6 oo pesos tact ae ed Bee bekee ys 20-2 
ROWE SUIDY fico, ocd Sard we head ox 3-9, 20-3 
RUANING 11K 2c6a Genito nia eee owe ces 5-5 
aC. 
Satellite, NAVSTAR ................. 19-17 
Scale, barometric ................ 4-10, 4-12 
Scale: chart.<cee<é.eee~e Sikes 2-7, 2-16, 4-30 
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Scale, DR computer .................. 4-32 
Scale, error (altimeter)..............05. 4-12 
Scale, error (temperature).............. 4-15 
Scale,:midlatitiidés4./o2 24 65useersea sas 4-30 
Scale, ‘plotter cord sack on cies oan eaueses 4-27 
Scale, temperature ............00eeeeee 4-15 
Scheduled time (celestial) .............. 12-1 
Schuler tuned systein.............0000- 19-7 
Seasonal changes (visual navigation) ..... 6-7 
Seasonal star chartS............eceeeee 15-1 
Seasons (celestial). .......... ccc eee eee 10-3 
Secant cone (chart projection).......... 2-14 
Secondary gyr0..........-e000- 17-10, 17-12 
Seconds (arc) «tviswecewtata Mieawedesaws 2-4 
SeCONGS (NGEX: 3 « siescs covets daneeawe 4-34 
SectOr Scan 3 ei07i ct tetcecee cee eie wees 8-3 
Selective identification feature (SIF)..... 7-11 
Semidiameter correction ............06. 16-5 
Sensitivity, time constant (STC) ........ 8-10 
Sensors, computer .............000eeee 19-9 
Sensors, reconnaissance.............06- 21-5 
SeXlARlieseinose- cuss tues oreo ss 10-7, 16-1 

instrument errors .........22 ee ee eee 16-12 

observation Errors... ... ee eee eee eee 16-5 

DETISCOPIC ccs rieerne eae Ue es 16-1 

presetting the: asses Sates eas 12-] 
Shading. Charts <.cetsiwiarttsesebne sacs 2-24 
Shadow, mountain............. ceca eae 8-5 
Shore line effect (radio) ................ 7-3 
Short range communication............ 7-12 
Side lobe cancellation ................. 8-12 
Sidereal-Cay ee 10 soi ihs iad ee asad senden 9-6 
Sidéreal timesecesctcasacepic elon veadees 9-6 
Sighting angle (estimating distance) ...... 6-7 
Signals, Vislial wesncssow a eaw deus vanes 21-8 
Simple conic projection..............6. 2-13 
Single Doppler shift.............. eee 4-22 
Single LOP «2320605 ce aeaied adae Mee 13-5 
Single Sideband (SSB) ................ 7-12 
Skip distance and skip zone............. 7-3 
SKY Ciaerdins:<.tieceun woe ceetw ease 15-1 
Sky waves (LORAN)........... 18-13, 18-15 
Sky waves (radio)... ...... cece cece eens 7-3 
Slant Tange: cious aedaticuscdags 7-9, 8-2 
Slave transmitter (LORAN)............ 8-12 
Slide rule face (DR computer).......... 4-32 
Slip and slide method ................. 4-47 
Slope (contour lines) .............-50-. 2-24 
Slope (pressure surface).............04. 18-3 
SiMalcueele i323 ox wena ewe ad Gamee aes 2-2 
Solar cycle history .............52 000. 19-13 
Solar Gay cs Sergeesehewece eh eo seea cas 9-6 
SOlae TlareS(s.34524n ee ets es Soca 19-14 
Solar system bodies.............. 11-4, 11-6 
SOl4l (Ne <:j0ntas- 534 Seen koeeea 4 9-1, 9-6 

ADDATENE ui.-22 ond 3 on Hee ee eee ees eee ee 9-1 

MEA ad Goes e eevee ota ae ied aces 9-2 
Solution time (celestial).............0.. 12-1 
SOIStICES 6275.4 Soca ores en ceiWerteeactes 10-4 
Snow (visual navigation)............006- 6-8 
Snow (radar navigation) ...........0.006- 8-7 
Special Use Airspace .............-.+-2--3-6 
Spectrum, 1adiO: 6 oscnnisseieaces esae ets 7-2 
Spectrum, electromagnetic .............. 7-1 
SOCCO + nite vecdss cenew anata eeme eee 2-4 
Speed circles (DR computer)........... 4-40 
Speed, computing................. 22 4-34 
Speed line landfall .................... 14-9 
Soced line LOP’ 323s csetet oieseeeemaess 5-2 
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Speed scale conversion .............06- 4-34 
Speed, time, distance (DR computer)... .4-33 
Sphere, celestial ............ 10-1, 10-2, [1-1 
Sphere, terrestrial................ 10-1, [1-2 
Spiral (rhurnb line)............... 000 eee 2-6 
Splitting (ground waves)...........0e00- 7-3 
SPOl ClEVAtIONS oc 5.4.45 bad eealeenes 2-24 
SpOt Size CMO! 4452.5 c6c dha es ee even etek 8-7 
Stable clement ¢ ec ccesc node eee sn 19-4 
Stable: platlorih': sien caniseodhaanew ee 19-4 
Standard approach.............0eee ees 3-11 
Standard atmosphere..............-0005 4-9 
Standard daturn plane.................. 4-9 
Standard instrurnent departure 
(SUD )icice i ee see nie te sag aa eies 3-4, 3-11 
Standard lapse rate ............0 eee ee 4-9 
Standard parallels.............00cce eee 2-13 
Standard pressure levels ............... 22-2 
Standard Terminal! Arrival 
Routes (STAR)........... 0.0 cece eee 3-4 
Standard time zone ........... 00 cece ees 9-3 
Star Cars 14522-1 natalie cca e ree as 15-1 
Star, GHA and Dec................0.- 9-10 
Star identification............0 cee eee 15-1 
Star identification charts............... 15-6 
Star Recognition Diagrams ............ [5-1 
SEAR TIME 25.0.8 aae oa Meee wenas Hoan 9-6 
Stars table (Air Almanac).............. 9-10 
Statice (LORAN) cea chen decetencs 18-15 
Station keeping (radar) ................ 8-16 
Station keeping equipment (SKE)....... 8-16 
Stations, LORAN...............0000. 18-11 
Statute mile (SM).......... 0... cece eee 2-4 
Steering data sheet, gyro.............. 17-10 
Stereographic projection...........0000- 2-9 
Storms, geomagnetic ..............00. 19-15 
Straight line (on chart)... .2-8, 2-11, 2-14, 4-31 
Subpoint (celestial)..... 10-3, HI-1, 13-1, 14-5 
Subpoint method ................ 13-1, 14-5 
Subpolar chart. 20422 is64ds 4 diaaiwes 17-5 
SUDSIOPMS..conguetant nce ekesweseeaeas 19-5 
Sucker Noless..cctc06 oi ieee sees s 8-17 
Sudden lonospheric Disturbance (SID). . 19-14 
Sun) apparent 222.c2hv cde vedee tess 9-1, 9-6 
Sun, GHA and Dec of ................. 9-6 
SUR CMAN GS sices eee eee eee yes 9-2, 9-6 
Sun, Moon, Venus fix.............000- 14-7 
SUN (Ml ts. awededs cee eidetese ceGoaseens 9-2 
Sunrise and sunset ...............020. 14-10 
SUNSPOUS fo ie see a Seed an 19-14 
Supplement, en route (FLIP). .......... 3-3 
Surlace Chatt:.i2.00(2scisvewssceweg bees 22-1 
DFOPNOSIIC: ond. tetas soem cree ee 22-\| 
Sweep (tadal) 2034 ona ewan eek eee. 8-4 
Sweep delay (radar)........... eee eeee 8-9 
Swirl error, Compass ...........20-e000e 4-5 
Symbols. Chatt's .s.2-a0tsiwsasevewmonses 2-23 
Symbols, plotting .............+.. 4-24, 4-26 
Symbols, weather .........02- eee eee eee 22-6 
Synchronization of signals (LORAN)... 18-19 
SVNCHLOS Gis ws sees h ees oe eee eed 19-9 
ee 
107% Methods osece odes wage na tae 20-6 
30° intercept method .......-..---+-06. 20-5 
TACAN 2625 c2ceh nine eee 7-5, 7-9, 19-10 
ANAG+BIls.2.c¢cianeesauudast ele aees 7-10 


contro! panel 664 csG06s. sae tees ess 7-10 
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CELOE isha otc se Sa ee bu es boees a wee 7-9 
Tactical Pilotage Chart (TPC)....... 6-1, 6-3 
Takeoff/climb procedures.............. 3-11 
TAMPA sch oese i ee ee es 18-4 
Target timing wind.............-.-0 00 8-14 
Temperature: @ifs-ecewsutiseecseouee es 4-14 
Temperature error .......... eee ee eee 4-15 
Temperature gauge, free air............ 4-15 
Temperature gauge, pressure pattern .... 18-4 
Temperature scales, conversion ......... 4-15 
Terminal Area Charts .............0000- 3-3 
Terminal Aerodrome Forecast (TAF) ...22-8 
Terminal control area (TCA)............ 3-1 
Temiunal (PUP a.20ss bce eres ches 3-3 
Terminal-Instrument Approach Procedure 

Plates: PRPs sie oad aw oe ee 3-4 
Terrain avoidance radar (TAR)......... 8-10 
Terrestrial sphere ................ 10-1, 11-2 
Three-beam Doppler radar............. 4-23 
Three LHA method................... 14-1 
Three LOP (ike svakewucssechee nes has 13-10 
Thunderstorms and radio............6.. 7-3 
Thunderstorms, avoiding............... 8-16 
Tilt, accelerometer ............00 0c ceee 19-5 
iG antennas voce rte here te eld: 8-2 
TAME 66.6 aio eae a ceed eee one 2-1, 9-1 
Time, apparent solar ................05- 9-| 
Time control (low level) .............6: 20-6 
Time, COMpuUtINg........... eee ee ee eee 4-34 
Time conversion .........000c ce eeee 9-2, 9-3 
Time diagram (CARP) ............-04- 21-5 
Time differences, local..............005. 9-2 
Time, fix (celestial)...... 0... 0.20.0 eee 12-1 
Time, Greenwich mean......... 9-2, 9-4, 9-6 
Tie: Kinds: Obsss44.55-465 33 ee wre ead eke 9-6 
FIMO. IOCAl awed bxek ae eiowts hae ean eben 9-2 
Time, local mean .............0000: 9-2, 9-6 
Time, local zone ....... 0... cece cece 9-3 
Time, mean solar ............ cc cece eeee 9-2 
Time, Navstar GPS ............00008- 19-18 
Time, observation (celestial)............ 12-| 
Time scale (DR computer)............. 4-32 
Time, scheduled ............ 0.0000 eees 12-! 
Time, Sideveal 624.0324 teat-edee sn eteu genes 9-6 
Nite: SOlAt 32 eee tee eee eS. 9-1, 9-6 
Time SOON 4 o5sxetteses eae hes eos 12-! 
Himes. Stat cee ae oo no een tet aaa ees 9-6 
TIME ZONE 56 hha Koa Gera euds es 9-3, 9-4, 9-6 
MMe PIeCe.“Cale Ol .at-wsitietwouaa es 14-11 
Timers Paden se325% eect hte nees eats 8-4 
Timing points ........... ccc eee eee 21-4 
WInt: Pradi€nl 2 het 2ss Gs ak ecw tise waded 2-24 
TOPDIC. 2iccc5055 Someone cawcaeewaw cae 4-7 
‘FOrquing, SV00-1i 505050 SoSic ash eenetews 4-8 

INS axévbutuercvdiveonec esa ewcis's 19-7 
POtal PreceSsiony raid seacs eek ese das 17-7 
Tower, aerodrome control .............. 3-1 
TACK wixe-et rane doers. 2-5, 4-26, 4-38 
Track; finding’ «214. 33.260¢2 din eestehe ees 4-44 
Track lines (DR computer) ............ 4-40 
Track, maintaining (low level).......... 20-5 
ILTANSCEIVED wives arcech vate eeR Ease ewe eeeu 7-9 
IPEANISIU ia SA ect tsh end aie ie et eeeds 9-1, 10-6 
Transition, chart..............0.. 4-32, 17-5 
Transmitter, LORAN .............06. 18-12 
Transmitter, radar .......... 0. cece ewes 8-1 
Transponder ...........045: 4-11, 7-11, 7-12 
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Transport precession, grid ............ 17-10 
Transverse cylindrical projection ...2-I1, 2-12 
Transverse Mercator projection......... 2-11 
Traverse of the magnetic equator 
westerly signal............ cece eee 19-16 
Tan Cle K) asec tonsu awere eke eee 5-5 
Trigger signal (radar)............ 20 eee 8-4 
True Air Temperature (TAT)........... 4-15 
True airspeed (TAS) ............. 4-17, 4-26 
COMPULING: 45 oseeew ieee iwacud ees 4-17 
INGICALON ssnist ih Sate ita a si ee aes 4-18 
Mach number conversion............ 4-18 
Ire Aude es dhe os da lee Sar Oe ets 4-13 
True azimuth 
(Zi) esse teaches 2-8, 10-10, 11-1, 12-7, 14-10 
True bearing (TB) ....... 2-5, 5-2, 7-5, 14-10 
True bearing method................. 14-10 
True course (TC) ............ 2-5, 4-26, 4-38 
True direction ................ 2-8, 4-3, 17-5 
True heading (TH)............ 2-5, 4-3, 4-26 
CClCSUAl cee 2 ois tuned Ge ete baeerlieds 14-10 
{NCIND best acewen en met aes eoeee soe 4-46 
PEUG AND OK voc i ceeernar ee dine cet 4-40 
TEte: SUN e204 vcs nate hea wee ceo wee eaees 9-2 
Turning error, COMpasS...........00 eee 4-5 
TWilight: 2322924 ceetecwt we oe basaroks 14-10 
Two: LOP Mites acche ctaewee ese eae aus 13-10 
=f} - 
URE DF vec ar 2oees tanec el eeeacee es 7-5 
Universal polar stereographic 
(UPS) Bd: sesetoh tut men reeee eee 2-30 
Universal Transverse Mercator 
(UMD) 6nd sc. ccc eaten a ea diee hee ee 2-29 
Unlock, bearing/ distance ............... 7-9 
Upper branch (celestial) ............... 10-5 
USAF grid Overlay 23 o9e beet etheoiseas 17-3 
-V- 
Variable azimuth marker ......... 8-8, 19-10 
Variable range marker............ 8-7, 19-10 
Variation, magnetic compass ........ 4-3, 4-4 
VEClOl a ji 6cic tached taser eo cetecs 4-38 
DIGEie teste See ean ean tek teas 4-39 
COMPONENt oa Pos he esha wa eo hes 4-38 
CAS FAI 2's cerns Sw and bw Peau eek 4-38 
PIOUNG) cu cre xed Cesena oee bee doa 4-39 
FOSUN AN ta. cece Eee emes eee neeee 4-38 
WING Gti Seda tePadoesdea seas 4-39, 4-42 
Vegetation symbols (chart)............. 2-24 
Venus, Sun, Moon fix...........-000 0 14-7 
Vernal €QUINOX: 246045 evarsnndavesocas 10-7 
Vertical antenna 224 wes ci caces cee dea esas 7-3 
Vertical bombing problems............. 21-2 
VEMICAl CICIO cca aanicanes eeaea ks 10-7 
VHF omnidirectional range (VOR) ...... 7-5 
Vistia GOP soo oac cen he eA eias ous 5-1 
Visual navigation (see map reading) 
Visual prediction (low level)............ 20-4 
Vistlal SighalSccuc seid 6 kcwaneSendus eas 21-8 
VEEP AOME2a) ce pcc ose cee eeelidecees 19-13 
VOR (omnirange)............2000e0e0ee 7-5 
nav control panel..................5.7-7 
VORTAC Gc cara ctntiusecaeoaeoutkee 7-10 
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-W- 
Wander angles wcasaesuneacurieerees 19-7 
Wander CliOhins scien teeeena eeneinics 16-11 
Wander correction tables ............. 16-11 
Watch, Care-Of 3. 64eened 4 eGceeennces 14-11 
Wave lrOntis.io geate tee eed thaws veede2 
Wave, radio. esi c.a ieee beens maseee 7-2, 7-3 
Waveguide, radar ......... ccc eae ceeees 8-1 
Waveguide, atmospheric ..........ee0. 19-14 
Weather 
Ail TOMMENNS eka ns sean deere yes 21-9 
avoidance (radar) ........ cece ceccoee 8-16 
Charts mec pe wete ee tasaeaetaees 22-1 
data, gathering .............ccceees 22-14 
disturbances (radio) .........ccecece 13 
flight planning..............eceeeee 22-14 
forecast ..........cecee. 22-8, 22-12, 22-14 
low level, planning............. 20-3, 20-4 
reports and symbols............02+6+022°6 
returns (radar)..........000. 8-6, 8-9, 8-16 
StAtlON SELVICES: cine ida wiawes deeeeuss 22-1 
Weighting winds ..........cccececccces 4-50 
Westerly signal traverse of 
the magnetic equator..........000 19-16 
WGOUL a3. Sess coe aan eemitesees 6-8 
WING soutien eects cota eee amass sale 4-37 
accuracy and fix error..........eee 13-11 
BION CHAM ada testes esas 22-4 
AVOCA 223 5 pip eg an ha Geren gl aol aant 4-48 
coordinates, rectangular .........000 4-50 
CIfECliON <2 suc eweacen stk cues eke es 4-37 
i tacte Soe tre eae eee eae be Sees 4-37 
elects ve telee el ooe tieeceenw S. 4-37, 4-48 
face (DR computer)............ 4-32,.4-40 
factor (ETP) ss tiecieasaey rere er 3-8 
finding ............e008e nigaead hee 4-45 
BEOSITOPHIC Hh at babes tee baie wees 18-2 
lOW NOVEL news 3 tk ahaa oe eect 20-3 
target LIMING.ccvaesh caeeeeeeaden .. 8-14 
WiANBIC sa see vas da ioalaeeeeawd aus 4-39 
NECIOL tit eid be dw ee ole eon ouameredis 4-39, 4-42. 
WE IP NUGS: 2 oS te wince oh ewciaeane eed 4-50 
Wobble; Earth’S<2.20 2 4o0 seco aieswas 11-8 
World Geographic Reference 
System (GEOREF)............. 2-28, 2-32 
World Position Referencing System..... 2-28 
Wrong-way Propagation.............- 19-15 
- X-Y-Z - 
Year. days: DeE 6 c2 cscsaws wind te weeeas 9-6 
Zen soc ves Gulsie bee 10-2, 10-4, 10-7, 11-2 
Zenith distance (co-altitude)....... 10-8, [1-2 
Zero Meridia 24 444c5keyesvevantacess 2-4, 9-2 
Zn (crosswind displacement) ........... 18-8 
Zn (heading computations)............ 14-10 
Zn method (celestial LOP)............. 13-2 
Zi; PrEDIOUING <445.<eeaceseete eeu eees [2-7 
Zone: date change voi sadness eewtoctiwas 9-3 | 
Zone difference (ZD)...... 0... ccc eee: 9-6 
ZONE ANNC ses hee eee ees 9-3, 9-4, 94 
Zul (Z) HME seo show end ea eee ow eet 9-2 ? 
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